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This i s  one of the reports  from the 1972-75 NBS Study of the National Measurement 
System. I t  deals spec i f i ca l ly  with the current  s t ruc tu re ,  s t a t u s ,  and trends of the 
system used in t h i s  country f o r  the measurement of time and frequency and closely 
re la ted  quan t i t i e s ,  such as  posit ion (navigat ion) .  

and spokesmen f o r  a number of years ,  s ince the publication by Dr. R .  D. Huntoon of 
an a r t i c l e  by t h a t  t i t l e  i n  the October 6 ,  1967 issue o f  Science (Vol.  158, No. 
3797, pages 67-71). 

"Concurrently with the growth and indus t r ia l iza t ion  of t h i s  nat ion,  there  has 
developed within i t  a vas t ,  complex system of measurement which has made 
possible the very growth t ha t  b rough t  the system in to  being. 
Measurement System (NMS) stands today as one of the key elements in a world- 
wide measurement system t h a t  l inks a l l  major nations together in  a cons is ten t ,  
compatible network f o r  communication and t rade ."  

The U .  S .  National Measurement System i s  defined as comprising a l l  of the a c t i v i t i e s  

The "Concept of a National Measurement System" has been discussed by NBS authors 

Dr. Huntoon began his a r t i c l e  with the following paragraph: 

This National 

and mechanisms--intellectual and operat ional ,  technical and inst i tut ional--used 
by t h i s  country t o  produce the physical measurement data needed t o  c r ea t e  the objec- 
t i v e ,  quant i f iable  knowledge required by our society.  This knowledge i s  used t o  
descr ibe,  predict ,  communicate, control ,  and r eac t ,  i n  many aspects of our  personal 
and social  l i ves ,  science,  and technology. 

Dr. Huntoon continued his  discussion in 1967: 

"Our National Measurement System i s  one of a number of mutually interact ing systems 
within our technologically based society tha t  form the environment in which the 
individual c i t i zen  must l i v e  and function. Familiar examples a re  the communica- 
t i on ,  t ransportat ion,  educational,  medical and legal systems, a l l  of which may 
be included under the general heading of social systems." 

"In view of the demonstrated value of the systems approach f o r  the understanding and 
improvement of hardware such as computers and weapons, some of these social systems 

The National Measurement System, 
which evolved in t h i s  country with l i t t l e  formal recognition as a system, i s  now 
being examined in t h i s  way a t  the National Bureau of Standards (NBS) which under- 
took the study of the National Measurement System par t ly  because of the al l -perva-  
s ive  nature and grea t  economic importance of the na t ion ' s  measurement a c t i v i t i e s ,  
and par t ly  because of the challenge t o  NBS in putting i t s  splendid new f a c i l i t i e s  
t o  optimum use fo r  the benefi t  of the nation. Such optimum use can be approached 
only when the National Measurement System, of which NBS i s  a central  element, and 
the services  i t  requires f o r  e f f ec t ive  operation a re  su f f i c i en t ly  well understood." 

Over the years both before and s ince 1967, NBS has taken a number of approaches t o  
the study of our national system f o r  physical measurements. The current  s e r i e s  of 
s tud ies  was i n i t i a t e d  in  1972 by Dr. Ernest Ambler, then Dr. Huntoon's successor as 
Director of the NBS I n s t i t u t e  fo r  Basic Standards, now Acting Director of the Bureau. 
The reports  of these s tud ies  a r e  being presented t o  the public a t  large f o r  the p u r -  
pose of increasing national understanding, and the operational effect iveness ,  of our 
National Measurement System. They a re  presented as an i n t i a l  or  inter im,  not f i n a l ,  
word on the subject .  
which can aid i t  in increasing i t s  understanding of and effect iveness  in supporting 
t h a t  System. 

. a re  being subjected to  the same type of analysis .  

NBS welcomes contributions from a l l  sectors  of the System 

i i i  



NOTICE 

A diligent effort has been made to make this 

report comprehensive and accurate as o f  March 

1975. Since that time no important changes o r  

additions have been made. There have, however, 

been a few significant changes in the National 

Measurement System for Time and Frequency. The 

interested reader may wish to contact the author 

for his opinions on these changes. 
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ABSTRACT 

The resu l t s  of a study of the National Measurement  System for 

Time and Frequency a r e  given. 

vantage points: 

t ime and frequency (T&F). 

( 3 )  The Calibration hierarchies  for T & F  sources .  An attempt is  

made to determine the technological, scientific,  economic, and 

social  effects of the system. 

important changes in the system. 

future positions of NBS in the sys tem i s  described in  detail ,  

The sys tem is viewed f rom three  

(1) The Instrumentation that provides sources  of 

(2 )  The Suppliers and Users  of T&F.  

Predictions a r e  made about possible 

The past ,  present ,  and possible 

Key words: Atomic frequency s tandards;  aviation industry; electric 

power industry; national measurement  sys tem,  position location. 

shipping and boating industr ies ;  s tandards laboratories ; telephone 

industry and specialized car r ie rs . ;  t ime and frequency; t ime 

sca les ;  u s e r s  of NBS radio broadcasts.  

vii 



THE NATIONAL MEASUREMENT SYSTEM 

FOR TIME A N D  FREQUENCY 

Allan S .  Risley 

Time and Frequency Division 

I n s t i t u t e  f o r  Basic Standards 

EXECUTIVE SUMMARY 

The major purpose i n  studying the  National 
Measurement System f o r  Time and Frequency was 
t o  determine who uses time and frequency, how 
they use them, and what t h e i r  use means t o  
s oc i e t y  . 

The system i s  viewed from three  vantage 
poi n t s  : 

1. The instrumentation t h a t  provides 
sources of time and frequency ( T & F ) .  

2. The suppliers and users  -of T&F. 
3. The ca l ibra t ion  hierarchies  f o r  T&F 

sources. 

Most of the  work of this study went in to  
determining the  present s t a t u s  of the system, 
Histor ical  information was, however, helpful 
i n  fo recas ts  of the  fu ture  and i n  put t ing 
NBS T&F a c t i v i t i e s  in to  perspective.  

The major types of in- 
strumentation which have served a s  sources o f  
time andlor frequency over the l a s t  75 years  
a r e  pendulums, tuning forks ,  quartz  o s c i l -  
l a t o r s ,  and atomic o s c i l l a t o r s .  
atomic o s c i l l a t o r s  a r e  the  sources of primary 
importance today. 

The c h a r a c t e r i s t i c s  of precision quartz  
o s c i l l a t o r s ,  superconducting cavi ty  o s c i l -  
l a t o r s ,  and the major atomic o s c i l l a t o r s  a r e  
given, and some of their areas  of appl icat ion 
a r e  described. For example, atomic o s c i l -  
l a t o r s  a r e  shown t o  be an increasingly impor- 
t a n t  p a r t  of the telephone industry and basic 
science.  The National Bureau of Standards 
has been a central  element i n  the research 
and development of atomic T&F standards 
throughout the some 25-year h i s tory  of these 
standards.  The Bureau has a l s o  made some 
basic contr ibut ions t o  the development of 
precis ion quartz  o s c i l l a t o r s .  

of fourteen basic suppl ier-user  categories  is  
given i n  matrix form. The re la t ionship  be- 
tween a given suppl ier  and user i s  specif ied 
by two descr ip tors .  One descr ip tor  gives the 
volume of use o f  a specif ied time o r  f r e -  
quency output.  
tance ( t o  an organizat ion 's  internal  opera- 
t i o n s )  of t h a t  output. 

study of the  National Measurement System f o r  

Instrumentation. 

Quartz and 

Suppliers and Users. A compact descr ipt ion 

The other  gives  the impor- 

The majority of the e f f o r t  devoted t o  this 

1 

Time and Frequency went i n t o  extensive 
s tudies  of e i g h t  major a reas .  

- Standards Laboratories 
- Users of NBS Radio Broadcasts 
- Telephone Industry and Specialized 

Carr iers  
- Mili tary 
- Position Location 
- Aviation Industry 
- Elec t r ic  Power Industry 
- Shipping and Boating Industr ies  

Information gathered i n  these s tud ies  was 
v i t a l  i n  completing major portions of the  
T&F flow matrix.  The communication and posi- 
t ion  locat ion indus t r ies  emerge as  two of the 
most important and sophis t icated users of 
T&F. The matrix indicates  the grea t  impor- 
tance of the  NBS standard T&F broadcasts. A 
current  study i s  increasing our understanding 
of the users  of s t a t i o n s  WWV and WWVH. The 
study confirms t h a t  the appl icat ions o f  
communications, navigation , and standards 
labora tor ies  a r e  very important. 
most heavily used aspects  of our broadcast 
services  a r e  voice announcements of time-of- 
day, one-second " t i c k s " ,  and standard f r e -  
quenci es.  

Cal ibrat ion Hierarchies.  The various 
sources o f  time and frequency must be compat- 
i b l e  w i t h  one another to  w i t h i n  some spec i f i -  
ed tolerance.  
q u i  rement depends on the sources involved and 
the  uses t o  which they a r e  to  be p u t .  
necessary compatibil i ty i s  of ten achieved by 
means of a ca l ibra t ion  hierarchy. 

There i s  no l e g a l ,  technical ,  o r  economic 
force t o  c r e a t e  a unified ca l ibra t ion  hier-  
archy, and none e x i s t s .  This i s  one reason 
why i t  i s  d i f f i c u l t  to  comprehend the 
National Measurement System f o r  Time and Fre- 
quency. Multiple hierarchies  do e x i s t ,  how- 
ever ,  and they a r e  basic t o  the  system. Some 
of these hierarchies  have the force of law 
and apply across organizational boundaries. 
Others a r e  voluntary o r  a r e  only binding 
w i t h i n  one organization. Those not having 
the  force  of law usually have the  g r e a t e s t  
requirements f o r  qua l i ty  of T&F. 
stand why these several  hierarchies  e x i s t ,  i t  
i s  essent ia l  t o  consider cos t  and ease-of-use 
a s  well a s  qua l i ty .  

They are:  

The three  

The stringency of th i s  re- 

The 

To under- 



Four major  c a l i b r a t i o n  h i e r a r c h i e s  a r e  
those of t h e  standards l a b o r a t o r i e s  ( i ndus -  
t r i a l  , governmental , e t c .  ) , telephone t ime-  
of-ddy, t h e  m i l i t a r y ,  and t h e  te lephone 
i n d u s t r y .  The Na t iona l  Bureau o f  Standards 
has been a p a r t  o f  these four  h i e r a r c h i e s .  
It i s  p r e s e n t l y  a fundamental p a r t  o f  t h e  
standards l a b o r a t o r y  h i e r a r c h y  and telephone 
time-of-day. It i s  a l s o  an impor tan t  p a r t  
o f  t h e  m i l i t a r y  T&F c a l i b r a t i o n  system. 
The Na t iona l  Bureau o f  Standards'  importance 
t o  t h e  te lephone i n d u s t r y  i s  much l e s s  than 
i t  was i n  t h e  pas t  ( s i n c e  t h e  telephone 
i n d u s t r y  i s  now basing i t s  synch ron iza t i on  
on atomic o s c i l l a t o r s ) ,  b u t  i s  p o t e n t i a l l y  
s t i l l  impor tan t .  

The Future.  
changing i n  t h r e e  ma jo r  ways: 

1 . )  By 1980-85 t h e r e  w i l l  p robab ly  be a 
widespread, low-cost  network o f  
c l o c k s  t h a t  a r e  synchronized i n  t h e  
range of 1 t o  10 us, Today, wide- 
spread synch ron iza t i on ,  a t  a c o s t  o f  
a few hundred d o l l a r s  pe r  s i t e ,  can 
o n l y  be done t o  about 1 ms. 
By 1980-85 t h e  market f o r  f requengy 
e q u a l i z a t i p p  i n  t h e  range 1 x 10' 
t o  1 x 10- w i l l  p robab ly  be q u i t e  
impor tan t .  
need t o  be l e s s  than about $2000 ( i n  
1975 d o l l a r s ) ,  and t h e  equipment must 
be easy t o  use. 
The use o f  q u a r t z  watches and c locks ,  
w i t h  d i g i t a l  readouts and t h e  capa- 
b i l i t y  o f  be ing s e t  t o  t h e  p r e c i s e  
second, w i l l  p robab ly  be ex tens i ve .  
T h i s  may n e c e s s i t a t e  a widespread 
c a l i b r a t i o n  network f o r  t ime-of -day 
t h a t  i s  accu ra te  t o  about 0 .1 seconds. 

The Time and Frequency D i v i s i o n  o f  NBS 
c u r r e n t l y  has two programs - T&F dissemina- 
t i o n  v i a  s a t e l l i t e ,  and frequency c a l i b r a t i o n  
v i a  TV - t h a t  address t h e  f i r s t  two areas 
o f  probable change. A t h i r d  program d i r e c t e d  
t o  these frequency e q u a l i z a t i o n  requirements,  
a low-cost ,  medium-accuracy o s c i l l a t o r ,  w i l l  
l i k e l y  begin soon. 

The system appears t o  be 

2 . )  

The c o s t  pe r  s i t e  w i l l  

3 . )  

The t h i r d  area o f  probable change, i f  i t  
occurs,  w i l l  be more o f  an economic than a 
t e c h n i c a l  problem. As such, i t  would n o t  
1 i k e l y  i nc rease  t h e  demand f o r  NBS resources 
w i t h  rega rd  t o  t ime-of-day. 

T h i s  s tudy o f  t h e  Na t iona l  
Eleasurement System f o r  Time and Frequency 
c l e a r l y  demonstrates t h a t  NBS has an impor- 
t a n t  and unique r o l e  i n  t h e  system. 
ques t i on  i s  n o t  whether t h e r e  a r e  d e s i r a b l e  
a l t e r n a t i v e  sources f o r  t he  s e r v i c e s  p resen t -  
l y  rendered, o r  whether these s e r v i c e s  a r e  i n  
f a c t  needed. It i s  i n s t e a d  whether NBS can 
per form i t s  f u n c t i o n  more economical ly  and 
e f f e c t i v e l y .  Exper imental  broadcasts  o f  
s tandard T&F v i a  s a t e l l ' i t e  and o t h e r  develop- 
ments i n d i c a t e  t h a t  i t  can do both.  

The NBS T&F se rv i ces  have been, and are,  
and should be, i n  t h e  n a t u r e  o f  what econo- 
m i s t s  c a l l  a " c o l l e c t i v e  good". Th i s  i s  a 
"good" (p roduc t )  which i s  c l e a r l y  o f  s o c i a l  
va lue  b u t  one f o r  which a f a i r  market p r i c e  
i s  d i f f i c u l t  t o  determine. 
t o  n o t e  however, t h a t  t h e r e  i s  now a minimum 
o f  one m i l l i o n  d o l l a r s  wor th  o f  s p e c i a l -  
purpose r e c e i v i n g  equipment i n  t h e  f i e l d .  
T h i s  equipment was s p e c i f i c a l l y  designed t o  
r e c e i v e  t h e  broadcasts o f  WWV and WWVH o r  
WWVB. Also,  i f  $0.05 pe r  c a l l  were rece ived  
f o r  t h e  NBS te lephone t ime-of-day s e r v i c e  
t h i s  would generate a revenue o f  $50,000 pe r  
yea r .  

One o f  t h e  most genera l  t h i n g s  t h a t  
emerges f rom t h e  e n t i r e  s tudy i s  t h a t  t i m e  - 
and i t s  ever-present  companion, f requency - 
a r e  t h e  g r e a t  coo rd ina to rs ,  t h e  g r e a t  organ- 
i z e r s .  Almost any a c t i v i t y  today t h a t  
r e q u i r e s  p r e c i s i o n  c o n t r o l  and o r g a n i z a t i o n  
r e s t s  on t ime  and frequency technology. 

( A  d i l i g e n t  e f f o r t  has been made t o  make 
t h i s  r e p o r t  comprehensive and accu ra te  as o f  
March, 1975. Since t h a t  t ime  n6 impor tan t  
changes o r  a d d i t i o n s  have beekmade. There 
have, however, been a f e y  s i g n i f i c a n t  changes 
i n  t h e  N a t i o n a l  Measurement System f o r  Time 
and Frequency. 
wish t o  c o n t a c t  t h e  au tho r  f o r  h i s  op in ions  
on these changes. ) 

Conclusions. 

The 

It i s  i n t e r e s t i n g  

The i n t e r e s t e d  reader  may 
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THE NATIONAL MEASUREMENT SYSTEM 
FOR TIME A N D  FREQUENCY 

"One generation passeth away, and another cometh; but 
the ear th  abideth forever.  

The sun a l s o  a r i s e t h ,  and 
to  the place where he arose." 

1 .  INTRODUCTION 

Time is  the  grea t  organizer.  I t  organizes 

People get  u p  by i t  and go to  work 
I t  i s  t h e  analog of work and a meas- 

the  a c t i v i t i e s  of people and those of ma- 
chines. 
by i t .  
ure of value. For machines, time sca les  
permit the  time ordering of a sequence of 
events and f a c i l  i t a t e  the simultaneity of 
events.  Good frequency control ,  which i s  a 
fundamental aspect  of time keeping, is  
essent ia l  to  almost a l l  communications. 

Time in te rva l ,  o r  i t s  reciprocal ,  f r e -  
quency, can be produced more precisely and 
measured more accurately than any other  
physical quantity.  I t  can be measured abcut 
four orders of magnitude more accurately 
than length,  t h e  next most accurately meas- 
urable physical quantity.  

Time and Frequency (T&F)  a r e  unique among 
the physical quant i t ies  i n  t h a t  they can be 
transmitted by electromagnetic ( E M )  radia- 
t ion .  Frequency i s  an i n t r i n s i c  property of 
every EM wave. T h u s ,  i f  a t ransmit ter  i s  
control led i n  i t s  frequency by a frequency 
standard,  the  frequency of t h a t  standard can 
be t ransferred widely as an EM wave. I f  the 
t ransmit ter  i s  control led by a time standard 
( i . e .  i n  phase as  well as  frequency) then 
the time of t h a t  standard can a l so  be t rans-  
ferred as  an EM wave. 

i s  t h a t  f o r  almost a l l  users,sources a r e  
commercially ava i lab le  which a r e  as  good o r  
b e t t e r  than needed. This does not mean 
however, t h a t  i t  i s  always economic t o  use 
what i s  technical ly  desirable .  

This report  i s  based on a study whose 
purpose was t o  gain a broad understanding of 
the National Measurement System f o r  Time and 
Frequency. I t  describes t h e  concepts and 
the  instrumentation upon which the  system is 
based, and t h e  flows of T&F equipment and 
services  between those i n s t i t u t i o n s  which 
a r e  the  suppl iers  of T&F and those t h a t  a r e  
the  users.  General conclusions a r e  drawn 
about who the major users a r e  and what the 
primary functions a r e  t h a t  T&F performs f o r  
them. 

The report  discusses s i g n i f i c a n t  changes 
i n  the  National Measurement System f o r  Time 
and Frequency which appear t o  be occurring, 
and an attempt i s  made t o  give a "feel ing" 

Another property of T&F t h a t  may be unique 
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the sun goeth down, and hasteth 

Ecclesiastes  1:4,  5 

f o r  the economic dimensions of T&F i n  U .  S .  
society.  Final ly ,  the  posit ion of the Time 
and Frequency Division of  NBS i n  the t o t a l  
system i s  examined, with present NBS services  
and possible non-NBS a1 te rna t ives  described. 

2 .  STRUCTURE UF THE MEASUREMENT SYSTEM 

2.1 Conceptual System 
Time interval  i s  one of the seven base 

units of the present Internat ional  System of 
Units of Measurement ( S I ) .  
time interval  i s  the second. Frequency, 
which i s  dimensionally the reciprocal of time 
i n t e r v a l ,  i s  a derived u n i t  i n  the  SI system. 
The uni t  of frequency i s  the her tz .  The 
frequency of a sinusoidal signal whose period 
i s  one second i s  one her tz .  

I t  i s  important to  understand the re la t ion-  
ship between date  and time i n t e r v a l .  Date i s  
an accumulation of time in te rva ls  beginning 
a t  a spec i f ic ,  and a r b i t r a r y  or ig in .  Histor- 
i c a l l y ,  these in te rva ls  were based on the  
motion of the  ear th  w i t h  respect  t o  other  
c e l e s t i a l  bodies. Pr ior  t o  1956, the  second 
was defined as  the  f rac t ion  1/(86,400) of a 
mean s o l a r  day; from 1956 to  1967, i t  was 
t h e  ephemeris second defined as the  f rac t ion  
1/(31,556,925.9747) of the t ropical  year a t  
OOhOOmOOs 31 December 1899, and s ince  1967, 
i n  terms of a resonance of the cesium atom. 
The present def in i t ion  of the second s t a t e s ,  
"The second i s  the  duration of 9,192,631,770 
periods of the radiat ion corresponding to  
the t r a n s i t i o n  between the  two hyperfine 
leve ls  of the ground s t a t e  of the  cesium-133 
atom." [13th CGPM (1967), Resolution 1 3  

A very important change occurred when, in  
1967, the second was defined i n  terms of an 
atomic t r a n s i t i o n .  A very much more uniform 
time s c a l e  i s  generated by a cesium time 
standard than by t h e  motion of the ear th .  
T h u s ,  the  time interval  between two events 
may not be accurately given by the  difference 
between two dates [ 1 I . Nevertheless , there  
i s  a pract ical  reason f o r  maintaining two 
types of time sca les .  Some people, such as 
navigators,  must have a sca le  based on the  
e a r t h ' s  motion, whereas there  a r e  important 
technological and s c i e n t i f i c  appl icat ions 
based on the  uniformity of an atomic sca le .  

I t  i s  useful t o  take a very general look 

The SI u n i t  of 



a t  the functions t h a t  T&F standards can per- 
form. Because a time standard always con- 
ta ins  a frequency standard as an integral  
pa r t  of i t s  mechanism, I will only use the  
term "time standard" i n  discussing these 
funct ions.  Examined from a general basis of 
i t s  inherent capabi l i ty ,  there  seem t o  be 
three basic functions a time standard can 
perf orm: 

1 .  Set  a Pace. This i s  the constant 
frequency ( r a t e )  fea ture .  I t  appl ies  
t o  those who need only frequency and 
n o t  phase. 
t h i s  function would be in dividing u p  
"frequency space" fo r  Frequency Div- 
is ion Mu1 t i  pl exi ng in t e l  ecommunica- 
t ions .  

2.  Uniform Time Scale. A time standard 
provides a uniform time sca le .  
i s  useful t o  divide t h i s  category 
in to  three sub-categories:  

a.  Labeling. The sca le  can be used 
t o  label events so t h a t  t h e i r  
order of occurence in time can be 
recorded. I f  desired,  t h i s  re-  
cording can y ie ld  the time in t e r -  
val between any two events.  From 
a pract ical  point of  view, the 
label ing function employs a time 
sca le  tha t  runs uninterrupted f o r  
long periods of time. Date i s  a 
good example. 

time sca le ,  when the sca le  i s  
ava i lab le  a t  more t h a n  one geo- 
graphical locat ion,  allows events 
t o  be begun or concluded simulta- 
neously. One basic  appl icat ion i s  
in dividing u p  "time space" for  
Time Division Multiplexing in  
telecommunications. 

A basic appl icat ion of 

I t  

b. S t a r t - S t o p .  This fea ture  of  a 

c .  Time In te rva l .  In  p r inc ip le ,  the 
measurement of a1 1 time in te rva ls  
f a l l s  under the  sub-category of 
label ing.  There a re ,  however, a 
grea t  many needs f o r  the accurate 
measurement of short  time in t e r -  
vals .  
by time scales  t h a t  run f o r  only 
shor t  periods of time. Thus, the 
user tends t o  obtain item ( a )  by 
d i f f e ren t  means t h a n  item ( c )  and 
i t  i s  useful t o  dis t inguish between 
the  two. 

These needs a r e  usually met 

3. Distance vs. Speed. A uniform time 
sca le  can be used in conjunction with 
the constancy of the speed of l i g h t  
t o  determine the  dis tance between 
points t h a t  a r e  s p a t i a l l y  separated.  

I t  i s  a basic technique i n  posit ion 
locat ion.  

2 . 2  Basic Technical Inf ras t ruc ture  

The word "system" in the phrase National 
Measurement System, m i g h t  be taken to  mean a 
very high degree of organization. 
ample, an extent  of organization which 
transcends individual i n s t i t u t i o n s ,  permeates 
the  e n t i r e  s t ruc tu re  and ,  perhaps, has the  
force of law. The National Measurement 
System fo r  Time and Frequency does n o t  pos- 
sess  t h i s  degree of organization, and t h i s  
i s  one reason t h a t  t he  system i s  d i f f i c u l t  
t o  understand, or  even t o  describe.  

In the  National Measurement System fo r  
Time and Frequency, there  a re  some regula- 
t ions which have the force o f  law b u t  they 
impose tolerances which a r e  very lax compared 
t o  the s ta te -of - the-ar t .  The f rac t iona l  
accuracies imposed on time, and f r e -  
quency l i e  in the range t o  Frac- 
t ional  e r ro r  i s  the  r a t i o  of the estimated 
e r ro r  in frequency ( t ime)  t o  the nominal 
frequency (elapsed time) . )  
zat ions which c rea te  and enforce these 
rules  and the functions t o  which they apply 
a re  discussed in  sect ion 2.4. 

par ts  of the system where tolerances a re  much 
t i g h t e r .  These tolerances a re  required i n  
order t o  s a t i s f y  the function t o  which T&F 
i s  being applied and tend t o  be l imited t o  
spec i f i c  i n s t i t u t i o n s  and/or funct ions.  
Examples a re  given in sect ions 2.5.1.2.3,  3,  
and 4.  

2 .2 .1  Documentary Specif icat ion System 

Documentary s tandardizat ion a c t i v i t i e s  
i n  the  f i e l d  of time and frequency a re  very 
l imited.  
w i t h  the  physical standards au tho r i t i e s ,  
o f f ices  of weights and measures, and regu- 
la tory  agencies; and a re  thus best discussed 
in sect ions 2 . 4 . 1 ,  2 . 4 . 2 ,  and 2.4.4 below. 

2 . 2 . 2  Instrumentation System: Measurement 
Tools and Techniques and the  
mentation Industry 

For ex- 

The organi- 

On the other hand ,  there  a re  important 

Those tha t  do  occur a re  associated 

Instru-  

Figure 1 displays the h i s to r i ca l  develop- 
ment of accuracy in time keeping devices.  
Today, a few primary frequency standards 
based on the cesium atom (see  sec.  2 .1 )  form - 
the  most accurate physical r ea l i za t ion  of t h e ,  
def in i t ion  of time in t e rva l .  
quency standard i s  a device which i s  spe- 
c i f i c a l l y  constructed t o  permit the evaluation 
of the  major fac tors  which cause the  output 
of the device to deviate  from the  def in i t ion .  

A primary f r e -  
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A t  p resent ,  t h e  t h r e e  most accu ra te  p r imary  
frequency standards known have each &mon- 
s t r a t e d  an accuracy o f  about 1 x 10- . These 
dev ices  were developed and a r e  operated by 
t h e  Phys ika l i sh-Techn ische Bundesansta l t  
(PTB) i n  West Germany, t h e  Na t iona l  Research 
Counc i l  (NRC)  i n  Canada, and the  Na t iona l  
Bureau o f  Standards (NBS) i n  t h e  U n i t e d  
S ta tes  [21. 
p r i n c i p l e ,  t he  bes t  sources o f  c a l i b r a t i o n  
f o r  those o t h e r  dev ices  needing frequency 
accuracy,  e i t h e r  f o r  i t s  own sake o r  f o r  
e s t a b l i s h i n g  an accu ra te  t ime  sca le .  

These t h r e e  dev ices  p rov ide ,  i n  

Tables 1 and 2 l i s t ,  f r om the  p o i n t  o f  
v iew  o f  accuracy and long-term s tab i l i t y  (see 
sec. 2.3 f o r  d e f i n i t i o n s ) ,  a h i e r a r c h y  o f  
ins t ruments  f o r  genera t i ng  f requency and 
t ime.  I n  some cases t h e  ins t ruments  a r e  
i n tended  p r i m a r i l y  f o r  end-use, b u t  i n  o the r  
cases t h e  i ns t rumen t  may serve  e i t h e r  t h e  
end-use o r  t o  c a l i b r a t e  an i ns t rumen t  of 
l e s s e r  q u a l i t y .  By "end-use" I mean t h e  use 
o f  t i m e  o r  f requency  f o r  an impor tan t  soc io -  

use o f  an a tomic  f requency s tandard  f o r  
s t a b i l i z i n g  t h e  c a r r i e r  o f  a TV t r a n s m i t t e r .  
As a f u r t h e r  example, q u a r t z  and atomic 
sources o f t e n  serve  bo th  f o r  end-use and f o r  

economic function. An example would be t h e  
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NOTES: 1 . )  INTENT I S  TO SHOW BENCH- 
M A R K S  O F  PROGRESS. V A R I O U S  
CLOCK TYPES C A N  SHOW I M P R O V E D  
A C C U R A C I E S .  
P R I O R  TO 1 0 0 0  A . D .  V A R I E D  
TIMEKEEPERS WERE U S E D  
S U C H  A S  MECHANICAL 
WATER CLOCKS, NOCTURNIALS, 
SUNDIALS, TIME CANDLES, 
ETC.,  OF L I T T L E  K N O W N  
A C C U R A C Y .  
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CALENDAR Y E A R S ,  A . D .  

F i g u r e  1. H i s t o r i c a l  development o f  t imekeeping accuracy 
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c a l i b r a t i o n  o f  lower  q u a l i t y  sources. There 
i s  ancther  way o f  l o o k i n g  a t  t a b l e s  1 and 2: 
Frequency and t i m e  a r e  used f o r  va r ious  so- 
c i a l  and t e c h n o l o g i c a l  f u n c t i o n s .  I n  o r d e r  
t o  accompl ish these f u n c t i o n s  t h e  va r ious  
inst ruments (sources)  must be coo rd ina ted  
one w i t h  another .  For example, two sources 
of frequency which nomina l l y  c l a i m  t o  be 
equal must, i n  fac t ,  be equal t o  w i t h i n  a 

s p e c i f i e d  to le rance .  
f o r  sources of t ime.  Table 1 descr ibes t h e  
most impor tan t  types o f  dev ices f o r  genera t i ng  
f requency. I t  g ives ,  i n  column 2 ,  t h e  accura- 
c y  o r  p r e c i s i o n  t o  which i t  i s  u s e f u l  t o  
equa l i ze  t h e i r  f requenc ies .  
column 3, means by which t h i s  e q u a l i z a t i o n  can 
be achieved. 

The same ho lds  t r u e  

I t  a l s o  g i ves  i n  

Table 2 g ives  t h e  same in forma- 

/ 
Table 1. Instrumentation hierarchy for coordination of frequency 

Source o f  [commercial ly Accuracy o f  Coord ina t i on  Coord inat ion:  Means o f  
ava i  1 ab1 e] Frequency Needed ( F r a c t i o n a l )  C a l i  b r a t i o n  

Tuning Forks I ' ~  IO-* to 1 Commercial f requency counter ;  

s tandard broadcasts 

Commercial f requency counter  5 E l e c t r i c  Power Generators r :2  x 10- 

( 1  x Hz i n  60 Hz) o r  s tandard broadcasts 

Q u a r t z  Osci 11 a t o r s  

Atomic Osci 1 l a t o r s  

1 to 1 10-10 Commercial f requency counter  
up to 1 10-7; f ree - runn ing  

atomic o s c i l l a t o r s  o r  s tandard 

broadcasts f o r  1 x l o m 7  
o r  b e t t e r  

Commercial cesium standards , 
hydrogen masers and n a t i o n a l  

pr imary s tandards.  Rubidium 
o s c i l l a t o r s  can be c a l i b r a t e d  

on s i t e  w i t h  a comnercial  

cesium standard o r  a hydrogen 

maser t o  an accuracy o f  about  

5 x lo- '* .  For c a l i b r a t i o n  
a t  a d i s tance ,  use these same 

sources and l i n e - o f - s i g h t  

microwave o r  an LF o r  VLF 

broadcast .  For f requency 

e q u a l i z a t i o n  i n  t h e  range of 

13 1 10-9 to % 1 10- 

5 1 0 - l ~  to 1 

compare t o  a n a t i o n a l  pr imary 

s tandard and use o n - s i t e  

c a l i b r a t i o n  o r  LF o r  VLF 
broadcas -~ t s  
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t i o n  f o r  the major types o f  time sources. 
The reader who is  in te res ted  in  d e t a i l s  of 
T&F ca l ibra t ion  should consult  reference 3 .  

The following wil l  give some idea of the  
a c t i v i t y  i n  the  manufacture and use of some 
of these. instruments : 

The worldwide s a l e s  volume l a s t  year i n  
the watch industry was about four  b i l l i o n  
d o l l a r s ,  and a t o t a l  of about 200 mil l ion 
watches were so ld .  

The, t o t a l  number of cesium and rubidium 
standards i n  use ( th i s  includes those used 
a s  clocks as  well as  those t h a t  serve just  
as frequency sources) i s  about 4,000 t o  
6,000. The number of units sold l a s t  year 
was about 1,000. These u n i t s  were produced 
by about seven companies and the s a l e s  volume 
was approximately 12 mil l ion dol la rs .  

t h e  f i e l d  and produced per year i s  vas t ly  
grea te r  than the atomic var ie ty .  For example, 
many TV s e t s  use a quartz  osciI- la tor .  ~f 
we confine ourselves t o  precis ion quartz 
o s c i l l a t o r s  (free-cunning d r i f t  r a t e  of not 
worse than 1 x 10- /day) then about e ight  
major U .  S. f irms sold about 10,000 units 

The t o t a l  number of quartz  o s c i l l a t o r s  i n  

i n  1974 in  the U. S.  The corresponding 
dol la r  volume was about $10 mill ion.  

2 .2 .3  and 2 .2 .4  Reference Data and Reference 
Material s 

Reference data and mater ia ls  a r e  not of 
s i g n i f i c a n t  separate  importance i n  this f i e l d  
of measurement. 

2 .2 .5  Science and People 

Most of the people who use T&F use i t  a s  
a component par t  of some other  technology. 
For example, frequency standards provide the 
c a r r i e r s  f o r  the frequency-division-mu1 t i -  
plexing system o f  the  telephone industry.  
This "other" technology - and not T&F - is  
t h e  major business of most of these people. 
T h u s ,  although we may know a l o t  about the 
needs of " t h e i r "  technology, we generally 
don ' t  know much about them. 
d o n ' t  know much about their educational level 
or  how much of t h e i r  time they spend "d i rec t -  
ly"  on T&F mat ters .  

For example, we 

We do, however, know more about people 

Table 2. Instrumentation h ie rarchy  for coordination of t ime - 
-.P 

Coordination of Time 
~~ ~ ~~ ~ ~ 

Source of Accuracy of Coordination Coordination: Means of 

Regular (escapement) 

Time Needed Cali brat ion 

10 sec  = 1 x 10-4/day 
Watches and clocks [ lo  times b e t t e r  than 

usual watch] 

Telephone time from NBS or  
cer ta in  s e l e c t  c i t i e s ;  
Standard radio broadcasts 

Elec t r ic  Clocks -5 1 s e c =  1 x 10 /day 
[More accurate than most 
power companies can hold] 

Quartz Watches and clocks 0.1 sec  = 1 x 10-6/day 
[ s t a b i l i t y  this good b u t  
c a n ' t  be s e t  t h i s  well]  

Precision Quartz Clocks 1 us = 1 x 'lO-lO/day 
[Quartz not commonly used 
as time sca le ]  

Atomic Clocks From = 3 x sec to  
= 3  x sec  on year ly  

Telephone time from NBS or  
cer ta in  s e l e c t  c i t i e s ;  
Standard radio broadcasts 

Telephone time from NBS o r  
cer ta in  s e l e c t  c i t i e s ;  
Standard radio broadcasts 

Cesium clock: Standard radio 
broadcasts 

NBS o r  USNO time sca les  via 
portable clock o r  L F  o r  VLF 
broadcasts basis  
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whose major business i s ,  or i s  s t rongly re- 
la ted  t o ,  developing primary T&F standards.  
The National Bureau of Standards estimates 
tha t  there  a re  current ly  about 180 people 
with formal academic degrees (or  equivalent 
experience) who spend most of t h e i r  time in 
t h i s  work, with the bulk of these people 
working i n  foreign labora tor ies  and about 
f ive  percent of  the to t a l  in the T&F Division 
of NBS. 
s c i e n t i f i c  areas: 

This a c t i v i t y  i s  contained in  ten 

% of Total 
Effor t  

Primary Cesium Standards 7% 
Other Cesium Design and 
Development 5% 
Atomic Time Scales 19% 
Hydrogen Devices 20% 
Saturated Absorption 12% 
Ion Storage 6% 
Rubidium Devices 11% 
Superconducting Cavity 2% 
Infrared Frequency Synthesis 7% 

- Other Devices 10% 

There a r e  no known professional soc ie t i e s  

There a r e  two meetings, held on an annual 

primarily devoted to  frequency and time 
standards.  

bas i s ,  and devoted t o  the subject  o f  T&F. 
They a r e  the Symposium on Frequency Control 
sponsored by the U .  S.  Army Electronic 
Command, and the Precise Time and Time In te r -  
val Planning Meeting sponsored by the  U .  s .  
Naval Electronic Systems Command, NASA 
Goddard Space F l ight  Center, and the  U .  S .  
Naval Observatory. Each conference publishes 
a Proceedings. 

In addi t ion to  these two Proceedings , 
several other  pub1 ica t ions  contain an impor- 
t a n t  amount of information: 1 . )  the 
Proceedings of the Conference on Precision 
Electromagnetic Measurements (sponsored by 
NBS, the I n s t i t u t e  of Electr ical  and Electron- 
i c  Engineers ( I E E E ) ,  and the International 
Sc ien t i f i c  Radio Union), 2 . )  
act ions on Instrumentation and Measurement, 
3 . )  Metrologia (published by Springer- 
Verlag),  and 4 . )  
I E E E .  

The personnel of the T&F Division of the 
NBS publish a great  deal of information about 
T&F. Some of t h i s  appears in the  above- 
mentioned journals  and a great  deal more 
appears in o f f i c i a l  NBS publ icat ions.  I n  
the l a s t  f i ve  years ,  more than 70 publica- 
t ions on T&F have been produced by NBS per- 
sonnel. Three of the  most general of these 
a r e  referenced [ l ,  3, 41 in t h i s  report .  In 
addition to  these, the NBS occasionally con- 

the IEEE Trans- 

the Proceedings of the 

ducts courses on various aspects of T&F. 
I t  is a l so  important t o  note t h a t  there  

a r e  several educational i n s t i t u t i o n s  ac t ive ly  
involved i n  T&F matters .  Major ones a re :  
Harvard University,  Massachusetts I n s t i t u t e  
o f  Technology, Johns Hopkins University,  
Columbia University,  Stanford University,  
Lava1 University (Canada), University of 
Par is  (France), University of Tokyo (Japan) ,  
and the  University of Mainz (Germany). 

2 .3  Realized Measurement Capabi l i t ies  

of the National Measurement System f o r  Time 
and Frequency, the  system would be eas ie r  t o  
understand i f  there were one instrument t h a t  
was the  ultimate standard fo r  T&F. Following 
the ult imate standard in  t h i s  hypothetical 
scheme would be several instruments - a l l  
ident ical  t o  one another - and each of these 
would be ca l ibra ted  by the  ult imate standard.  
The system would have fu r the r  l eve l s ,  each 
instrument in a given l e v e l  being iden t i ca l .  
As the qua l i ty  of the leve ls  decreased the 
number of instruments i n  a given level might 
increase. Any instrument in any given level 
would be ca l ibra ted  by an instrument in the 
next superior leve l .  T h u s ,  each instrument 
in  the  e n t i r e  system would be ca l ibra ted  to  
a degree tha t  was commensurate with i t s  
innate qua l i ty  and each would be t raceable  to  
the ult imate standard.  A t  each level of 
t h i s  hypothetical , pyramidal s t ruc ture  there  
would be end-users, those people who use time 
or frequency to  perform some "soc ia l ly  useful 'I 
function. And each user would en ter  the 
system a t  t ha t  level which best  met his 
technical needs. 

This i s  n o t  an  adequate descr ipt ion of 
the National Measurement System f o r  Time and 
Frequency. The reasons i t  i s  n o t  a r e  two- 
fo ld .  F i r s t ,  b o t h  time and frequency a re  
m u 1  tidimensional quan t i t i e s .  One user badly 
needs one aspect while another needs some 
other  dimension. Second, the costs  and 
benefi ts  of a given time or frequency input 
wil l  vary grea t ly  from user t o  user. Thus, 
d i f f e ren t  users will purchase d i f f e ren t  in-  
puts although from a technical point of view 
the  highest qua l i ty  input would serve them 
a l l .  A descr ipt ion of the measurement capa- 
b i l i t i e s  of the system requires  an approach 
from several d i rec t ions .  I wi l l  begin by 
discussing several aspects - accuracy, s t a -  
b i l i t y ,  and precision - of the qua l i ty  of a 
time or frequency source. These terms wil l  
be defined and some aspects of the qua l i ty  
of the major sources of  T&F wil l  be given. 
I n  enumerating the sources of T&F i t  i s  
necessary t o  t a lk  about b o t h  the generators 
o f  T&F and about dissemination of t h e i r  

In discussing the measurement capab i l i t i e s  
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s igna ls  t o  the user. Final ly ,  an instrument 
hierarchy does e x i s t  in  t h e  system and i s  
displayed i n  t ab les  1 and 2 .  

The reader who i s  not fami l ia r  w i t h  the  
technical d e t a i l s  of T&F may wish t o  s k i p  
some of the sect ion on s t a b i l i t y .  

ard cannot be described by a s ing le  number. 
In f a c t ,  the  qua l i ty  of a standard may de- 
pend qui te  s t rongly upon the  use t o  which i t  
wil l  be p u t .  Even when the  s i t u a t i o n  is  re- 
s t r i c t e d  by asking "How good i s  this standard 
when used f o r  the following purpose? 
opposed to  "How good i s  th i s  standard?" i t  is  
of ten  necessary t o  make more than one meas- 
urement to  adequately charac te r ize  the 
standard.  There a r e  three  terms which a r e  
typ ica l ly  associated w i t h  the qua l i ty  of T&F 
standards defined as  follows: 

Whenever the measurement of anything is  
discussed i t  is  quite common to  f i n d  the 
word accuracy used and, of ten,  misused. 
commonly accepted def in i t ion  of accuracy i s  
" the degree of conformity of a measured and/ 
o r  calculated value to  some specif ied value 
o r  def in i t ion ."  Thus ,  the  current ly  accepted 
def in i t ion  of the  accuracy of time interval  
(frequency) i s  t h a t  given i n  sect ion 2.1. A 
physical rea l iza t ion  of the def in i t ion  of 
frequency accuracy requires  a device whose 
working substance i s  atoms of cesium. In 
addi t ion,  the device, usually re fer red  t o  as  
a primary frequency standard,  i s  s p e c i f i c a l l y  
constructed t o  permit the evaluation of the  
major fac tors  which cause the output of the 
device to  deviate  from the  def in i t ion .  Be- 
cause these devices a r e  very expensive and 
complex, very few o f  t h e m  e x i s t .  Section 
2 .2 .2  mentions the three  primary standards 
which current ly  exhib i t  the  best performance. 
To gain insight in to  the  d i f f i c u l t i e s  o f  
determining the accuracy of a primary standard 
the  reader should consult  reference 5. The 
term "accuracy" need not be r e s t r i c t e d  to  
primary frequency standards;  any frequency 
standard whose frequency has been measured 
w i t h  respect  to  a primary standard,  and 
which has adequate s t a b i l i t y ,  can have i t s  
accuracy specif ied . 

S t a b i Z i t y  i s  a term used i n  character iz ing 
both frequency and time standards.  In tu i t ive-  
l y ,  the  frequency s t a b i l i t y  o f  an o s c i l l a t o r  
i s  the  degree to  which i t s  output i s  a pure 
sinusoid.  Conversely, the  frequency i n s t a b i l -  
i t y  of an o s c i l l a t o r  i s  t h e  degree t o  which 
i t s  output deviates  from t h a t  of a pure 
sinusoid.  
which measures the deviation of the  output 
from t h i s  idea l .  Although there  i s  no s ingle  
universal ly  accepted measure of frequency ( o r  
time) s t a b i l i t y ,  there  a r e  two measures of 
frequency s t a b i l i t y  t h a t  a r e  in wide use. 

The qua l i ty  of a frequency o r  a time stand- 

as  

A 

What is  needed is  a parameter 

A 

very brief discussion of these two measures 
is given below. The reader should consult  
references 6 and 7 f o r  additional d e t a i l s .  

The two frequency s tab i  1 i ty  measures a r e  
based on-a quant i ty  y ( t )  defined by 
y ( t )  5 where vo is  the  nominal f re -  

quency of the output and &(t)  i s  the  time 
der ivat ive of the instantaneous phase of the 
output.  
the  sinusoidal ideal a r e  contained i n  the 
quant i ty  @ (  t ) .  T h u s ,  y (  t )  represents  the  
instantaneous f rac t iona l  frequency deviation 
of the signal from i t s  nominal frequency, v a .  

The f i r s t  frequency s t a b i l i t y  measure i s  
S y ( f ) ,  where y is  the quant i ty  just defined 
and f i s  t h e  frequency of one of the spectral  
components of the output.  The quant i ty  S ( f )  

Y 
i s  known as  the  spectral  densi ty  of the 
instantaneous f rac t iona l  frequency f luctua-  
t ions ,  y ( t ) .  

The second frequency s t a b i l i t y  measure, 
0 (T), depends on a number of var iables ,  one 
o f  which i s  t h e  time duration of a s ing le  
measurement, T .  O Y ( T )  i s  known as the  Allan 
variance of the f rac t iona l  frequency f l  uctua- 
t ions ,  y ( t ) .  

Without going in to  grea t  d e t a i l  about the 
quant i t ies  S ( f )  and ay(-c) some q u a l i t a t i v e  
statements can be made. In pract ice ,  the 
frequency-domain measure, S ( f ) ,  i s  used 
when the  spectral  content of most of the  
f luc tua t ions  of i n t e r e s t  i s  a t  frequencies 
of a few hertz and higher. T h e  pract ical  
appl icat ion f o r  the time-domain measure, 
aY(-c), i s  f o r  those s igna ls  whose f luc tua t ions  
a r e  a t  frequencies of about one her tz  and 
l e s s  ( i  .e. , whose periods a r e  about one 
second and longer) .  For example, i f  a f r e -  
quency standard i s  being examined f o r  i t s  
possible appl icat ion in  Doppler radar ,  meas- 
urements of S ( f )  would be appropriate.  I f ,  
however, the  frequency standard i s  t o  be used 
a s  a clock, measurements of o y ( ~ )  would be 
needed. Note t h a t  many measurements must be 
made f o r  an adequate character izat ion of 
s t a b i l i t y ,  which i s  t rue  whether i t  i s  
S ( f )  o r  O y ( ~ )  which i s  being measured. 
reason i s  t h a t  S ( f )  and (JY(-c) do vary with 
f and T respect ively.  
of aY(-r) t h a t  i s  typical of many frequency 
standards.  
t ions of T&F,  a t ten t ion  should be paid to  
the  f luc tua t ions  whose periods a r e  about one 
second and longer. 
s a t i s f i e d ,  then the requirements f o r  "short-  
term" s t a b i l  i ty  (per iods 1 ess  than about one 
second) a r e  usually a l s o  s a t i s f i e d .  In this 

2Wo 

The deviations of the  output from 

Y 

Y 

Y 

The 
Y 

Y 
Figure 2 shows a plot  

For the  major economic applica- 

I f  these requirements a r e  

9 



r e p o r t ,  t he re fo re ,  I g e n e r a l l y  r e f e r  t o  
s t a b i l i t y  i n  terms o f  uY(.r). 

1 .  oy - r - '  U H l T E  O R  F L I C K E R  OF PHASE N O I S E  

0 - T  - I "  Y H I T E  FREqUENCY N O I S E  

11 .  oy = CONSTANT F L I C K E R  " F L O O R "  ( F L I C K E R  OF 
F R E Q U E N C Y )  

I I I .  a y -  0 5 a 5 1 T Y P I C A L  l 
a = 1 PURE FREQUENCY D R I F T  

( A G I N G )  

I 1  

- 
T I M E  T 

F igu re  2. General t ime-domain 
behavior  of o s c i l l a t o r s  

The s u b j e c t  o f  f requency and t ime s t a b i l -  
i t y  i s  c l o s e l y  assoc ia ted  w i t h  t h e  s u b j e c t  
o f  e l e c t r i c a l  no ise.  For any g i ven  o s c i l -  
l a t o r  t h e r e  i s  some U ~ ( T  versus T ( o r  
d (T) d i s p l a y .  

i n  terms o f  a d d i t i v e  and m u l t i p l i c a t i v e  
noise.  When t h e  s i g n a l  o f  a f requency gen- 
e r a t o r  o r  a t ime s c a l e  i s  t o  be disseminated 
t o  some o t h e r  s i t e ,  t h e  no ise  p r o p e r t i e s  o f  
t he  d i ssemina t ion  mechanism degrade t h e  
s i g n a l  [81. I t  i s  s u f f i c i e n t  t o  no te  here 
t h a t  a u ( T )  versus T curve can be measured 
a t  t h e  u z e r ' s  s i t e ,  i . e . ,  a f t e r  t h e  s i g n a l  
has been disseminated. Thus, t h e  n o i s e  
e f f e c t s  o f  bo th  the  source and t h e  dissemin- 
a t i o n  means a r e  i nc luded .  

commonly i n  r e f e r r i n g  t o  measurement qual  i ty 
which must be c l e a r l y  d i s t i n g u i s h e d  from 
accuracy. P r e c i s i o n  i s  t h e  r e p e a t i b i l i t y  o f  
a g i ven  measurement under a s p e c i f i e d  s e t  o f  
c o n d i t i o n s .  Many r e p e t i t i o n s  o f  a g i ven  
measurement w i l l  produce a s e r i e s  o f  values 
and t h e  s c a t t e r  o f  these va lues i s  a measure 
of t h e  p r e c i s i o n  o f  t h e  measurement. 
p a r t i c u l a r l y  good measure o f  f requency p r e c i -  
s i o n  i s  u (T). I f  a s e t  o f  measurements 
con ta ins  systemat ic  e r r o r ,  then t h e  p r e c i -  
s i o n  o f  t h e  measurement i s  b e t t e r  than i t s  
accuracy. I n  t h e  l i m i t  o f  no systemat ic  
e r r o r s ,  a measure o f  p r e c i s i o n  i s  i d e n t i c a l  
t o  t h a t  o f  accuracy (as descr ibed by t h e  
measure i n  use).  

I w i l l  be us ing  two o t h e r  terms: f r e -  
quency e q u a l i z a t i o n  and t ime  synch ron iza t i on .  
The d i scuss ion  o f  accuracy and s t a b i l i t y  
pe rm i t s  some a d d i t i o n a l  understanding o f  
these two areas. For  example, i f  I have two 
o s c i l l a t o r s  t h a t  have a f r a c t i o n a l  frequency 
accuracy o f  1 x then, by d e f i n i t i o n ,  
they a r e  equal i n  f requency t o  about 

Th is  curve cou ld  be exp la ined  
Y 

The t h i r d  term i s  precision, a word used 

One 

6 x  l o - " .  
quency e q u a l i z a t i o n  w i t h o u t  s e t t i n g  up a 
d i ssemina t ion  system t o  a c t u a l l y  s e t  one 
o s c i l l a t o r  equal t o  t h e  o t h e r .  A c l a i m  t o  
accuracy i s  a ve ry  s t r o n g  c l a i m  - one which 
r e q u i r e s  a g r e a t  deal  o f  c a r e f u l  measurement 
exper ience. Wi thout  such exper ience, ade- 
q u a t e l y  documented, t h e  u s e r s '  conf idence i s  
j u s t i f i a b l y  low. 

F i g u r e  3, which g i ves  some understanding 
o f  t h e  p r a c t i c a l  importance o f  knowing an 
o s c i l l a t o r ' s  f requency, i s  a d i s p l a y  o f  
O ~ ( T )  versus T f o r  t y p i c a l  a tomic o s c i l l a t o r s  
of va r ious  types. I f  a person needs good 
s t a b i l i t y  over a p e r i o d  o f  months (maybe even 
a few yea rs )  and d o e s n ' t  want t o  c a l i b r a t e  
f r e q u e n t l y ,  he w i l l  p robably  need a cesium 
beam o s c i l l a t o r .  But,  i f  he has a network 
o f  such o s c i l l a t o r s  and needs t o  have them 
equal i n  frequency t o  about 1 x lo-" ,  then 
t h e  i n h e r e n t  s t a b i l i t y  ( i n s t a b i l i t y )  o f  t he  
o s c i  1 l a t o r s  (see t h e  curve l a b e l e d  commer- 
c i a l  Cs i n  f i g .  3) w i l l  r e q u i r e  t h a t  they 
be compared w i t h  each o t h e r  f o r  about  l o 2  
seconds o r  l onger .  
adequate q u a l i t y  take t ime.  
seen f rom t h e  f i r s t  p a r t s  o f  t he  curves 
( l a b e l e d  I )  i n  f i g u r e s  2 and 3 .  It can be 
seen t h a t  t he  qual i ty o f  comparison improves 
w i t h  averaging t ime  up t o  t h e  p o i n t  o f  t h e  
break i n  t h e  curve.  

Thus, I have t h a t  l e v e l  o f  f r e -  

That i s ,  measurements o f  
This  can be 

10- 

/- 

10- 

1 0 - l ~  
1 I O  lo2 l o 3  l o 4  lo5 lo6 

F i g u r e  3. Time-domain behavior  t y p i c a l  

Consider t h e  f l a t  p a r t  o f  t he  curves - 
t h a t  which i s  l a b e l e d  I1 i n  f i g u r e  2 .  Th is  
p o i n t s  o u t  t h a t ,  beyond a c e r t a i n  averaging 
time, t h a t  g i ven  by the  break p o i n t  between 
reg ions  I and 11, i t  i s  useless t o  average 
longer .  A p r a c t i c a l  example o f  t h i s  b r i n g s  
me back t o  t h e  network o f  cesium o s c i l l a t o r s  
t o  be frequency equa l i zed  t o  a few p a r t s  i n  
10". F i g u r e  3 i n d i c a t e s  t h a t  by averaging 
f o r  about 10' seconds o r  l o n g e r  t h i s  equal-  
i z a t i o n  cou ld  be ob ta ined  and, i n  f a c t ,  i f  
the  averaging were done f o r  l o 5  seconds 
(about one day), they c o u l d  be equa l i zed  t o  

T ( S )  

of seve ra l  types o f  o s c i  1 l a t o r s  
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about  1 x But, as a p r a c t i c a l  
ma t te r ,  such a group o f  o s c i l l a t o r s  would be 
i n te rconnec ted  b y  a d isseminat ion  system. 
Any d i ssemina t ion  system has a s t a b i l i t y  
(no i se )  behav io r  s i m i l a r  t o  t h e  curves o f  
f i g u r e s  2 and 3. 

One d i ssemina t ion  system o f  g r e a t  p r a c t i -  
c a l  importance i s  t h e  l i n e - o f - s i g h t  mic ro-  
wave system, owned and opera ted  by  t h e  
American Telephone and Telegraph Company. 
The NBS has made ex tens i ve  s t u d i e s  o f  t h e  
f requency  s t a b i l i t y  o f  t h i s  system. 
p resen t  es t ima te  i s  t h a t  i t  reaches t h e  
f l a t  p o r t i o n  ( t h e  f l i c k e r - o f  frequency por -  
t i o n )  o f  i t s  oY(.r) v e r y p  'I curve  a t  a 
l e v e l  o f  about 2 x 10- f o r  an averag ing  
t ime  o f  about one week (about 6 x l o 5  sec- 
onds). 
how good t h e  o s c i l l a t o r s  are,  i f  they  a r e  
t o  be frequency equa l i zed  by t h i s  d issemi -  
n a t i o n  system, they  cannot be equa l i zed  
t o  b e t t e r  t han  about 2 x 1 0 - l 2 .  

For  t i m e  synch ron iza t i on ,  t h e  s t o r y  i s  
e s s e n t i a l l y  t h e  same. To synchron ize  t h e  
" t i c k s "  of one t ime  s c a l e  w i th  respec t  t o  
another  takes  t ime. As t h e  averag ing  t ime  
(measurement t ime)  inc reases  t h e  synchron- 
i z a t i o n  improves u n t i l  t h e  p o i n t  where no 
f u r t h e r  improvement i s  ob ta ined.  
c a l  cases i t  i s  u s u a l l y  t h e  d i ssemina t ion  
system t h a t  produces t h e  1 i m i t a t i o n .  

The q u a l i t y  o f  t h e  major  sources o f  T&F 
and o f  t h e  major  means o f  d i ssemina t ing  T&F 
a r e  presented be l  ow. 

F igu re  3 g i ves  t h e  s t a b i l i t y  performance 
o f  t h e  major  types  o f  f requency standards.  
Note t h a t  t h e r e  a r e  two non-atomic standards 
shown. The p r e c i s i o n  q u a r t z  c r y s t a l  o s c i l -  
l a t o r  ( X t a l )  shows e x c e l l e n t  performance i n  
short- term, b u t  s u f f e r s  f rom d r i f t  i n  l onger  
term. The b e s t  q u a r t z  c r y s t a l  o s c i l l a t o r s  
have a d r i f t  r a t e  o f  about 1 x 10 ''/day. 
The superconduct ing-cavi  t y  o s c i  11 a t o r  (SCC 
OSC) has t h e  l owes t  " f l i c k e r "  l e v e l  o f  any 
known dev ice .  I t s  s t a b i l i t y  i n  long- te rm 
has not,  as y e t ,  rece ived  adequate study. 
Cesium beam standards have t h e  b e s t  demon- 
s t r a t e d  long- te rm s t a b i l i t y .  Typ ica l  
commercial cesium beam standards have demon- 
s t r a t e d  t h e  a b i l i t y  t o  h o l d  t h e i r  f requency 
t o  a few p a r t s  i n  1013 over a p e r i o d  o f  a 
year .  Because o f  t h i s  long- te rm s t a b i l i t y ,  
most t ime  sca les  a r e  based on cesium f r e -  
quency standards.  
scale,  ove r  a s p e c i f i e d  averag ing  t ime, and 
based on a s p e c i f i c  type  o f  standard, can 
be es t imated  from f i g u r e  3. 

Accuracy i s  p r e s e n t l y  d e f i n e d  i n  terms 
of t h e  cesium atom, and a t  t h e  p resen t  
s t a t e - o f - t h e - a r t  o f  pr imaq  standards t h i s  
'is proper.  The reasons a r e  t h a t  t h e  cesium 
dev ice  has t h e  b e s t  demonstrated a b i l i t y  f o r  
e v a l u a t i o n  of sys temat ic  e r r o r s ,  t h e  pre- 

Our 

Th is  i n d i c a t e s  t h a t  no m a t t e r  

. 

I n  p r a c t i -  

The s t a b i l i t y  o f  a t ime  

c i s i o n  w i t h  which measurements o f  i t s  f r e -  
quency can be made i s  ve ry  good, and i t  has 
t h e  b e s t  demonstrated long- te rm s t a b i l i t y .  
It may w e l l  be, however, t h a t  some o t h e r  type  
o f  dev i ce  w i l l  be developed t o  t h e  p o i n t  
where i t s  accuracy c a p a b i l i t y  i s  b e t t e r  than 
t h a t  o f  t h e  cesium beam dev ice .  I f  t h i s  i s  
so, then g i v e n  enough exper ience w i t h  t h i s  
t y p e  o f  dev i ce  - and presuming t h a t  i t s  
"working substanceN i s  some o t h e r  atom ( o r  
molecule]  - t h e  d e f i n i t i o n  w i l l  p robab ly  be 
c hanqed . 

One l a s t  comment about  accuracy:  
deal  o f  exper ience has been ga ined w i t h  
commercial cesium beam dev ices .  Many o f  them 
have been b u i l t  and i n  o p e r a t i o n  f o r  l ong  
pe r iods  o f  t ime, and p r imary  standards have 
been a v a i l a b l e  f o r  comparisons. Because o f  
t h i s ,  a g r e a t  dea l  o f  con f idence has been 
developed about t h e i r  accuracy.  I t  can be 
said,  w i t h  a r a t h e r  h i g h  degree o f  conf idence, 
t h a t  any g i v e n  comnercial .cesium beam i s  
accu ra te  t o  about  1 x lo.-". (Th i s  statement 
presumes t h a t  t h e  s tandard  meets a few s e l f -  
con ta ined performance checks ,) 

Table 3 d i s p l a y s  some b a s i c  f e a t u r e s  o f  
t he  major  frequency and t ime  d i ssemina t ion  
systems. One o f  t h e  main t h i n g s  t o  be noted 
i s  t h a t  t h e  performance o f  any g i v e n  system, 
j u s t  as any g i ven  o s c i l l a t o r ,  u s u a l l y  cannot 
be c h a r a c t e r i z e d  by  a s i n g l e  number. For  
example, t h e  performance o f  t h e  Loran C 
system depends ve ry  s t r o n g l y  on whether t h e  
user i s  p r i m a r i l y  r e c e i v i n g  t h e  ground wave 
o r  t h e  sky wave. A d e s c r i p t i o n  o f  t h e  de- 
t a i l e d  performance o f  each system and t h e  
va r ious  pros and cons o f  t h e i r  use i s  beyond 
t h e  scope of t h i s  r e p o r t .  The reader  who 
des i res  t o  pursue t h e  s u b j e c t  i n  g r e a t e r  de- 
t a i l  can f i n d  more i n f o r m a t i o n  i n  re fe rence  8. 

The reader  can now r e t u r n  t o  t a b l e s  1 and 
2 and re-examine t h e  h i e r a r c h y  o f  i n s t r u -  
menta t ion .  I n  t h i s  re-examinat ion,  one can- 
n o t  h e l p  b u t  wonder what t r a d e - o f f s  - i n  
accuracy, s t a b i l i t y ,  c o s t  and ease o f  use - 
e x i s t  a t  t h e  va r ious  l e v e l s .  A l though I 
cannot hope t o  answer t h i s  ques t i on  w i t h  
completeness (and c e r t a i n l y  n o t  w i t h  f i n a l i t y )  
p a r t i a l  answers w i l l  be found th roughout  t h e  
r e s t  o f  t h i s  r e p o r t .  

a g r e a t  

' T h e r e a d e r  who wishes t o  l e a r n  more about 
t h e  s t a t e - o f - t h e - a r t  o f  p r imary  f requency 
standards shou ld  see re fe rence  9. 
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Tab le  3. C h a r a c t e r i s t i c s  o f  t h e  ma jo r  
T&F d i ssemina t ion  systems 

NAVIGATION SYSTEM 
LORAN-C ' 

STANOARO FREO. BROADCASTS IWWVI 

NAVIGATION SYSTEM 
LORAN-A 

VLF  
RADIO 

~~ 

2 X l O *  
* 

1x1i j7  

5x16" 

LF RADIO 

l O O O r ~  
HF/MF 
RADIO 

HEMISPHERE 

TELEVISION 
(VH F/SH F 

RADIO) 

PHYSICAL TRANSFER 

SATELLITES 

(VHF/UHF/SHF 

RADIO)  

1r1 i j '13  ** 

SHF RADIO 

~~ ~ 

5 l o o n s  

PORTABLE 
CLOCKS OEPENDS ON L IMITED BY 

FORMAT .TRANSPORTATION 

COMMUNICATION/SFB 
GBR, N B A ,  W W V L  

NAVIGATION SYSTEM 
OMEGA 

STANDARD FREO. BROADCAST ( W W V B )  I'H!ifi4h) 

PASSIVE -LINE-10 

ACTIVE-LINE-1 I N B S  TV TIME SYSTEM1 

STATIONARY SATELLITES 
ONE WAY 

ON-BOARD CLOCK (ACTIVE) 
ONE WAY - LOW ALTITUDE 

MICROWAVE 

AIRCRAFT FLYOVER 1 1.1612 2-WAY 

ENVELOPE 
5 0 0  rs 

PROPOSED 

USA I W W V B I  ENVELOPE 
- 5 0 r s  LIMITED 

-1 PSIGNDI SPECIAL 
50 rslSKY) PHASE AREAS 

2 - 5 r s  I A PROBLEM I LIMITEO AREAS 
NOT UTC 

r s  I DEPENDS ON I 
HEMISPHERE FORMAT 

WORLO I 0 . 5 - 5 0 p s  OEPENDS ON I FORMAT 

s100ns I PHASE 1 COMPARISON 'OCA' 'INKS 

-Ins I DEPENDS FORMAT ON I HEMISPHERE 

LIMITEO BY 
. I OAY I TRANSPORTATION lOOns 

* one-month average 
** ten-day average 
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f a c t  t h a t  the  CCIR has no legal  authority. 2.4 D issemina t ion  and Enforcement Network It is to the International Tele- 

2.4.1 Cent ra l  Standards A u t h o r i t i e s  

Many n a t i o n s  m a i n t a i n  standards l a b o r a t o r -  
i e s  s i m i l a r  t o  t h a t  o f  NBS. These l a b s  were 
formed p a r t i a l l y  i n  t h e  r e c o g n i t i o n  t h a t  t he  
maintenance o f  phys i ca l  standards i s  s o c i a l l y  
important.  They tend  t o  encourage s o c i a l  
o rde r  by  promot ing t h e  economy, p r o t e c t i n g  
t h e  consumer, and p r o t e c t i n g  p u b l i c  h e a l t h  
and s a f e t y .  
l y  i s o l a t e d ,  i t  i s  impor tan t  t h a t  many 
standards be i n t e r n a t i o n a l  i n  scope. 

Several i n t e r n a t i o n a l  o rgan iza t i ons  a r e  
i n v o l v e d  i n  d e f i n i n g  phys i ca l  standards and 
i n  d e s c r i b i n g  t h e  ways i n  which these stand- 
a rds  shou ld  be disseminated. Reference 10  
g i ves  cons ide rab le  d e t a i l  about  t h e  i n t e r -  
n a t i o n a l  o rgan iza t i ons  d e a l i n g  w i t h  da te  
( t ime)  and frequency ( t i m e  i n t e r v a l ) .  I w i l l  
l i s t  j u s t  a few o f  t h e  o r g a n i z a t i o n s  ment ioned 
i n  t h a t  re fe rence,  w i t h  t h e  i n t e n t  o f  g i v i n g  
t h e  general  f l a v o r  o f  i n t e r n a t i o n a l  a c t i v i t y .  

The Bureau I n t e r n a t i o n a l  de 1 'Heure (BIH) 
i s  charged w i t h  p r o v i d i n g  a c e n t r a l  i n t e r -  
n a t i o n a l  re fe rence  p o i n t  f o r  t ime  and r e -  
l a t e d  ma t te rs .  Based on c o n t r i b u t i o n s  f rom 
t h e  t ime  sca les  o f  about 13 n a t i o n a l  l a b -  
o r a t o r i e s  (compr is ing  some 60 atomic stand- 
a rds )  t h e  BIH c o n s t r u c t s  t h e  I n t e r n a t i o n a l  
Atomic Time s c a l e  (TAI)  and Coordinated 
Un ive rsa l  Time (UTC). Time keeping i s  compl i -  
ca ted  by  t h e  f a c t  t h a t  UTC i s  based bo th  upon 
t h e  mot ion  o f  t h e  e a r t h  and upon atomic 
standards.  ThLts, t i m e - l a t i t u d e ,  p o l a r  coor-  
d ina tes ,  s t a b l e  frequency, and accu ra te  f r e -  
quency a r e  a l l  i n p u t s  t o  UTC. 

The I n t e r n a t i o n a l  Radio C o n s u l t a t i v e  
Committee (CCIR) makes recommendations w i t h  
rega rd  t o  t h e  fo rmats  f o r  b roadcas t ing  stand- 
a r d  f requency and t ime.  
t i o n s  a r e  those s p e c i f y i n g  t h e  to le rances  
between n a t i o n a l  t ime  sca les  and TAI and UTC. 

Conference o f  Weights and Measures (CGPM) i n  
consul t a t i o n  w i t h  i t s  s u b s i d i a r y  o rgan iza t i on ,  
t h e  C o n s u l t a t i v e  Committee f o r  t h e  D e f i n i t i o n  
o f  t h e  Second (CCDS) agreed t o  d e f i n e  t h e  
u n i t  o f  t i m e - i n t e r v a l  ( f requency)  i n  terms o f  
a c e r t a i n  t r a n s i t i o n  o f  t h e  cesiuin atom (see 
sec. 2.1 ) .  Frequency standards a r e  i n t i m a t e -  
l y  assoc ia ted  w i t h  t h e  concept o f  t h e  f r e -  
quency spectrum. The a1 l o c a t i o n  (assignment)  
o f  c a r r i e r  f requenc ies  w i t h i n  t h e  f requency 
spectrum i s  o n l y  meaningful  t o  t h e  e x t e n t  t o  
which those f requenc ies  can be measured and 
c o n t r o l l e d .  The recommendations o f  t h e  C C I R  
w i t h  rega rd  t o  s tandard  f requency broadcasts 
a r e  an i m p o r t a n t  f a c t o r  i n  p r o v i d i n g  i n t e r -  
n a t i o n a l  c o m p a t i b i l i t y  i n  f requency measure- 
ment and c o n t r o l .  Th i s  i s  t r u e  d e s p i t e  t h e  

Because na t i ons  a r e  n o t  genera l -  

Among i t s  recommenda- 

Wi th  rega rd  t o  f requency, t he  General 

communi c a t  i o n i  Un i on. 
I n  t h e  Un i ted  Sta tes ,  t h e  NBS has t h e  

r e s p o n s i b i l i t y  f o r  deve lop ing  and opera t i ng  
the  n a t i o n a l  s tandard  o f  t i n e - i n t e r v a l .  I t  
i s  a l s o  g i v e n  t h e  r e s p o n s i b i l i t y  o f  p r o v i d i n g  
t h e  "means and methods f o r  making measure- 
ments c o n s i s t e n t  w i t h  those standards."  
These requirements a r e  documented i n  T i t l e  15 
of t h e  U. S. Code G272, Sec. 2 and i n  
Department o f  Commerce Order, DO 30-2A. I n  
compliance w i t h  these d i r e c t i v e s  t h e  NBS 
main ta ins ,  develops, and operates a p r imary  
f requency s tandard  based on t h e  cesium atom. 
I t  a l s o  broadcasts s tandard  f requenc ies  
based on t h i s  p r imary  standard.  

Naval Observatory (USNO) i s  charged w i t h  
deve lop ing  and m a i n t a i n i n g  t h e  s tandard  
o f  t ime  and o the r  as t ronomica l  da ta  which 
a r e  e s s e n t i a l  f o r  s a f e  n a v i g a t i o n  a t  sea, 
i n  t h e  a i r ,  and i n  space. 
respons i  b i  1 i ty  a p p l i e s  o n l y  t o  the  a c t i v i t i e s  
o f  t h e  Department o f  Defense. 
r e s p o n s i b i l i t y  f o r  these f u n c t i o n s  i s  g i v e n  
t o  t h e  USNO by the  document known as 
OPNAVINST 5450.90B Dec. 16, 1969, M iss ion  
and Funct ions  o f  t h e  U. S. Naval Observatory.  
As a consequence of t h i s  d i r e c t i v e  t h e  USNO 
ma in ta ins  an atomic t ime  s c a l e  based on a 
l a r g e  number o f  commercial cesium beam f r e -  
quency standards.  And, j u s t  as t h e  NBS does, 
i t  must d isseminate  i t s  standard.  I t  does 
t h i s  by c o n t r o l l i n g  t h e  broadcasts o f  severa l  
Navy communications s t a t i o n s .  The Department 
o f  Defense (DOD) has g i v e n  t h e  USNO t h e  r e -  
sponsi b i  1 i t y  o f  managing t h e  T&F needs o f  
t h e  DOD. 

u t o r s  t o  t h e  TAI and UTC t ime  sca les .  The 
NBS c o n t r i b u t e s  accu ra te  f requency and 
s t a b l e  f requency and t h e  USNO c o n t r i b u t e s  
as t ronomica l  i n f o r m a t i o n  and s t a b l e  f requency. 

The respons i  b i  1 i ty  f o r  en fo rc ing  the  day- 
l i g h t  savings t ime  changes and m a i n t a i n i n g  
t h e  standard t ime  zones i n  t h i s  coun t ry  i s  
h e l d  by the  Deparment o f  T ranspor ta t i on ,  
v i a  P u b l i c  Law 89-387 and T i t l e  15 o f  t h e  
U. S .  Code. 

For  f u r t h e r  d e t a i l s  about i n t e r n a t i o n a l  
and n a t i o n a l  T&F o rgan iza t i ons  and a c t i v i t i e s  
see re fe rence  10. 

2.4.2 S t a t e  and Loca l  O f f i c e s  o f  Weights 

I n  t h e  Un i ted  Sta tes ,  t he  U n i t e d  Sta tes  

L e g a l l y ,  t h i s  

The l e g a l  

Both  NBS and t h e  USNO a r e  major  c o n t r i b -  

and Measures 

The S t a t e  and Local  O f f i c e s  o f  Weights and 
Measures appear t o  dea l  w i t h  ma t te rs  o f  t ime-  
i n t e r v a l  and da te  by re fe rence  t o  NBS 
Handbook 44. Th is  document dea ls  w i t h  such 
devices as pa rk ing  meters, parking-garage 
c locks  and " t ime  i n - t i m e  o u t "  c locks .  The 
g r e a t e s t  accurac ies  i n v o l v e d  a r e  about f2 
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minutes on da te  and about  0.1% (1 x 
t i m e - i  n t e r v a l  . 
an o f f i c i a l  o f  t h e  Weights and Measures 
Sec t ion  o f  t h e  Colorado S t a t e  Department o f  
A g r i c u l t u r e ,  I was t o l d  t h a t  h i s  o f f i c e  had 
t h e  l e g a l  a u t h o r i t y  t o  en fo rce  t h e  s p e c i f i -  
c a t i o n s  i n  t h e  NBS Handbook. 
v i o l a t i n g  t h i s  code i s  a f i n e  rang ing  f rom 
$20 t o  $200 and/or a j a i l  sentence o f  up t o  
t h r e e  months f o r  a f i r s t  o f fense .  It was 
h i s  impress ion  t h a t  most, i f  n o t  a l l ,  s t a t e s  
f o l l o w e d  t h e  NBS Handbook 44 s p e c i f i c a t i o n s  
and a p p l i e d  about  t h e  same p e n a l t i e s .  

Recent ly  t h e  Time and Frequency D i v i s i o n  
o f  NBS has been h e l p i n g  t h e  Colorado S t a t e  
Standards Labora tory  i n  t h e  c a l i b r a t i o n  o f  
rada r  speed guns. 
we recommended t o  them i n v o l v e s  t h e  use o f  a 
commercial f requency counter  and a re fe rence  
t o  t h e  WWV b roadcas t  v i a  te lephone. 
system more than  meets t h e i r  need f o r  f r e -  
quency accuracy (which i s  about 1 x 
and a l s o  g i ves  them NBS t r a c e a b i l i t y ,  t h e  
l a t t e r  be ing  a ve ry  impor tan t  l e g a l  cons id -  
e r a t i o n .  Cour t  cases a r e  more s o l i d  when 
t r a c e a b i l i t y  t o  NBS can be demonstrated. 

2.4.3 Standards and T e s t i n g  Labora to r ies  

on 
Dur ing  a conversa t i on  w i t h  

The p e n a l t y  f o r  

The c a l i b r a t i o n  system 

The 

and Serv ices  

I n  t h e  U n i t e d  States,  i n  a d d i t i o n  t o  NBS 
and USNO, t h e r e  a r e  a number o f  commercial, 
governmental , and educat iona l  i n s t i t u t i o n s  
t h a t  m a i n t a i n  standards l a b o r a t o r i e s ,  t h e  
m a j o r i t y  o f  which (157) be long t o  an organ- 
i z a t i o n  known as t h e  Na t iona l  Conference o f  
Standards Labora to r ies  (NCSL), By means 
o f  a q u e s t i o n n a i r e  we examined t h e  T&F 
a c t i v i t y  o f  t h e  NCSL membership. 
o f  these l a b o r a t o r i e s  per fo rm f requency  and/ 
o r  t ime  c a l i b r a t i o n s  and as we had i n t u i t i v e l y  
expected, they  rep resen t  an i m p o r t a n t  mecha- 
nism f o r  d i ssemina t ing  T&F i n  t h i s  count ry .  
A d d i t i o n a l  r e s u l t s  o f  t h i s  s tudy  o f  t h e  NCSL 
a r e  g i ven  i n  s e c t i o n  2.5.2.1 and i n  r e f .  11. 

2.4.4 Regu la to ry  Agencies 

To my knowledge t h e r e  a r e  o n l y  t h r e e  d i s -  
t i n c t  o rgan iza t i ons  t h a t  have ZegaZ a u t h o r i t y  
i n  r e g u l a t i n g  T&F. The Department o f  
T r a n s p o r t a t i o n  has a u t h o r i t y  w i t h  respec t  t o  
t ime zones and d a y l i g h t  sav ings  t ime  (see 
sec. 2.4.1). The s t a t e  standards l a b o r a t o r -  
i e s  (sec. 2.4.2) have a u t h o r i t y  w i t h i n  t h e i r  
own s t a t e s  f o r  t i m e - i n t e r v a l  and da te  measur- 
i n g  equipment. 
deal  a lmost  e n t i r e l y  w i t h  m a t t e r s  o f  t ime. 

The t h i r d  o r g a n i z a t i o n  i s  t h e  Federal  
Communications Conmission (FCC). U n l i k e  t h e  
o t h e r  two o rgan iza t i ons ,  t he  FCC appears t o  
deal  a lmost  e x c l u s i v e l y  w i t h  ma t te rs  o f  f r e -  

Some 65% 

Both o f  these o rgan iza t i ons  

quency. The Code o f  Federal  Regu la t ions ,  
P a r t  73, Radio Broadcast Serv ices  (Revised 
Oct. 1, 1973)  desc r ibes  t h e  f requency a l l o c a -  
t i o n s  and t h e  f requency  to le rances  t o  wh ich  
va r ious  broadcas ters  must conform. The Code 
d iscusses  f i v e  ca tegor ies  o f  broadcasts:  AM 
s t a t i o n s ,  commercial FM s t a t i o n s ,  non- 
commercial FM s t a t i o n s ,  TV s t a t i o n s ,  and 
i n t e r n a t i o n a l  broadcasts.  

i f  i c a t i o n  : 
There a r e  f o u r  ma jor  f e a t u r e s  t o  t h e  spec- 

1 .) The upper and lower  f requency bounds of 
each o f  t h e  f i v e  ca tegor ies  a r e  g iven.  

2.) The frequency t o l e r a n c e  f o r  each 
ca tegory  i s  g i ven  as an abso lu te  f r e -  
quency d e v i a t i o n .  For  example, f o r  
AM s t a t i o n s ,  t h e  d e v i a t i o n  s h a l l  be 
no more than  k 20 Hz f rom t h e  spec i -  
f i ed frequency. 

3.) A l l  b roadcas ters  must check, a t  l e a s t  
as f r e q u e n t l y  as once pe r  month, t o  
see t h a t  t hey  meet t h e  s p e c i f i c a t i o n .  

4.) The NBS broadcas t  s t a t i o n s  WWV, WWVH o r  
WWVB a r e  t h e  u l t i m a t e  re fe rence  t o  
wh ich  t h e  broadcas ter  must conform. 

The a l l owed  f requency  d e v i a t i o n  can be 
expressed as a f r a c t i o n  o f  t h e  maximum oper-  
a t i n g  f requency w i t h i n  t h e  band. The l e a s t  
s t r i n g e n t  t o l e r a n c e  i s  about  1 x 10 
n a t i o n a l  b roadcas ts )  and t h e  most s t r i n g e n t  
i s  about  1 x l om6 (TV broadcas ts ) .  

en fo rce  these r e g u l a t i o n s .  One o f  t h e  pen- 
a l t i e s  they  can exac t  i s  removal of t h e  
b roadcas te r ' s  l i c e n s e .  It i s  my unders tand ing  
t h a t  t h e  b roadcas te r ' s  l i c e n s e  i s  s u f f i c i e n t -  
l y  v a l u a b l e  t o  him t h a t  he w o n ' t  r i s k  be ing  
caught w i t h  h i s  f requency down - o r  up, f o r  
t h a t  m a t t e r .  

2.5 D i r e c t  Measurement Transac t ions  

( i n t e r -  

It must be  no ted  t h a t  t h e  FCC can and does 

M a t r i x  

To understand t h e  Na t iona l  Measurement 
System f o r  Time and Frequency, t h e r e  a r e  a 
number o f  ques t ions  wh ich  need t o  be  answered. 
Among these are:  

- What o rgan iza t i ons  and o t h e r  groups use 
Time and Frequency? 

- How do they  g e t  i t ?  
- Why do they  use i t ?  

The Time and Frequency "Flow M a t r i x "  d i s -  
cussed i n  d e t a i l  i n  s e c t i o n  2.5.1 a t tempts  
t o  g i v e  a v e r y  conc ise  answer t o  these 
ques t ions .  

was cons t ruc ted  and de f i nes  i t s  va r ious  
ca tegor ies  and d e s c r i p t o r s .  Sec t i on  2.5.1.2 

Sec t i on  2.5.1.1 descr ibes  how t h e  m a t r i x  
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exp la ins  some o f  t he  values o f  i t s  s p e c i f i c  
e n t r i e s  and draws some general  conc lus ions .  
The Flow M a t r i x  i s  an approx imat ion  t o  t h e  
Na t iona l  Measurement System f o r  Time and 
Frequency as it exis ts  today. There a r e  
pressures now p resen t  which tend t o  a l t e r  
some impor tan t  d e t a i l s  o f  t h i s  system. Sec- 
t i o n  2.5.1.2 a l s o  discusses some o f  these 
pressures f o r  change. F i n a l l y ,  s e c t i o n  
2.5.2 g i ves  examples o f  t h e  use o f  T&F by 
severa l  ma jor  users .  

Sooner o r  l a t e r  t h e  exceed ing ly  d i f f i c u l t  
ques t i on  a r i s e s  as t o  what i s  t he  vaZue o f  a 
g i ven  t ime  o r  f requency i n p u t  t o  a user .  
Usua l ly ,  a q u a n t i t a t i v e  answer cannot be 
given, no r  i s  i t  even p o s s i b l e  t o  g i v e  a 
s i n g l e  answer s i n c e  the  ques t i one r  u s u a l l y  
wants t o  know t h e  va lue  o f  t h e  i n p u t  i n  t h e  
f u t u r e  as w e l l  as now. Very o f t e n  T&F i s  a 
p a r t  o f  a means t o  a u s e f u l  end. For example, 
s t a b l e  f requency i s  an e s s e n t i a l  i n p u t  t o  the  
te lephone system whose use fu l  o u t p u t  i s  wide- 
spread communication. On t h e  o t h e r  hand, t h e  
end-user may have a d i r e c t  requirement f o r  
t ime  o r  frequency, such as when t h e  p u b l i c  
uses t ime-of-day. Desp i te  t h e  d i f f i c u l t i e s ,  
some a t t e n t i o n  shou ld  be d i r e c t e d  t o  whether 
t h e  b e n e f i t  o f  a g i ven  T&F i n p u t  i s  wor th  i t s  
cos t .  I d e f e r  c o n s i d e r a t i o n  o f  t h i s  m a t t e r  
u n t i l  s e c t i o n  3. 

2.5.1 

2.5.1.1 Cons t ruc t i on  of t h e  Flow M a t r i x  

Ana lys i s  o f  Supp l i e rs  and Users 

The rows o f  t h e  m a t r i x  a r e  l a b e l e d  by the  
va r ious  SUPPLIERS o f  T&F. The columns a r e  
g i ven  t h e  same l a b e l s  and rep resen t  t h e  
USERS. As t h e  d i scuss ion  progresses i t  w i l l  
be seen t h a t  c e r t a i n  o f  these ca tegor ies  form 
t h e  major  s u p p l i e r s  and o the rs  t h e  major  
users.  
approach i s  an a t tempt  t o  i n s u r e  t h a t  no i m -  
p o r t a n t  t r a n s a c t i o n  i s  l e f t  ou t .  

L i s t e d  below a r e  t h e  s i x t e e n  SUPPLIER- 
USER ca tegor ies .  
a r e  sometimes f u r t h e r  de f i ned  and r e s t r i c t e d  
by  t h e  p a r e n t h e t i c a l  no te  which accompanies 
them. It i s  necessary t o  keep t h i s  informa- 
t i o n  i n  mind when cons ide r ing  the  va lue  
assigned t o  t h e  va r ious  elements o f  t h e  
m a t r i x .  For  t h e  d e f i n i t i o n s  o f  some o f  t h e  
acronyms used here, see s e c t i o n  2.4. 

There i s  some over lap ,  and t h i s  

Note t h a t  t h e  ca tegor ies  

1.  Knowledge community (sc ience,  pro- 
f e s s i o n a l  s o c i e t i e s  and j o u r n a l s )  

2. I n t e r n a t i o n a l  m e t r o l o g i c a l  o rgan iza-  
t i o n s  ( n a t i o n a l  standards l a b o r a t o r i e s  
B I H ,  and I n t e r n a t i o n a l  Bureau o f  
I l leights and Measures) 

3. Documentary s t a n d a r d i z a t i o n  organ i  za- 
t i o n s  (CGPMf 

4. 

5. 
6. 
7. 
a. 

9. 

10. 
11. 

12. 

13. 

14. 

15. 
16. 

O s c i l l a t o r ,  rece iver ,  and c l o c k  manu- 
f a c  t u r e r s  
Watch i n d u s t r y  
NBS (T&F and o t h e r  d i v i s i o n s )  
USNO (T&F and o t h e r  d i v i s i o n s )  
S t a t e  and l o c a l  o f f i c e s  o f  we igh ts  and 
mea s u r e s  
P r i v a t e ,  and Department o f  Defense 
Standards Labora to r ies  and t h e  Defense 
Comnunication Agency 
Regu la to ry  agencies (FCC, ITU and CCIR) 
Department o f  Defense (ope ra t i ona l  
m i  1 i t a r y )  
Other Federal  Government (Federal  
A v i a t i o n  Admin i s t ra t i on ,  Na t iona l  
Oceanic and Atmospheric A d m i n i s t r a t i o n  , 
NASA ) 
Nav iga t i on  dependent i n d u s t r i e s  
( sh ipp ing  , a v i a t i o n ,  aerospace) 
Communications i n d u s t r y  ( te lephone, 
s p e c i a l i z e d  c a r r i e r ,  TV, r a d i o )  
E l e c t r i c  power i n d u s t r y  
General p u b l i c  ("Hams", t ime-of-day, 
p r i v a t e  boats and planes) 

The ques t i on  a r i s e s  as t o  why these ca te-  
g o r i e s  were chosen and n o t  o the rs ,  o r  perhaps 
why n o t  o the rs  i n  a d d i t i o n .  
r e a l l y  has two answers. F i r s t ,  t h e  general  
l a b e l s  tend t o  be r a t h e r  a l l - i n c l u s i v e .  I n  
examining the  c h a r a c t e r i s t i c s  o f  t h e  Na t iona l  
Measurement System as a whole (T&F as w e l l  as 
a l l  o t h e r  phys i ca l  q u a n t i t i e s )  t h e r e  were 14 
genera l  ca tegor ies  t h a t  emerged. 
l i s t  i s  t h e  express ion  o f  these general  ca te-  
go r ies  ( w i t h  two o f  them broken i n t o  two 
p a r t s )  f o r  t h e  s tudy  o f  T&F. 
p a r e n t h e t i c a l  e l a b o r a t i o n s  rep resen t  de- 
t a i l e d  knowledge t h a t  NBS has gained o f  t h e  
Na t iona l  Measurement System f o r  Time and 
Frequency. 

I n  J u l y  1969, t h e  s t a f f  o f  t h e  Frequency- 
Time D isseminat ion  Research Sec t ion  o f  NBS 
wro te  a Nat iona l  Measurement System-type 
r e p o r t  e n t i t l e d  "Study o f  Time and Frequency 
D isseminat ion" ,  t o  d i scove r  i f  new methods 
were needed. 
groups and o rgan iza t i ons  as p resen t  and f u -  
t u r e  users o f  t ime  and frequency i n f o r m a t i o n  
and equipment. Th i s  comprehensive s tudy  
i n  e f f e c t  completed t h e  f i r s t  phase o f  t h e  
Na t iona l  Measurement System Study: t h e  
i d e n t i f i c a t i o n  o f  a l l  ma jor  users o f  t ime  
and frequency technology. 

s tudy  i n  d e t a i l  a l l  o f  these areas w i t h i n  
t h e  a l l o c a t e d  t ime  frame, a p l a n  was formed 
t o  narrow t h e  f i e l d  o f  s tudy  and a t  t h e  same 
t ime r e t a i n  t h e  most impor tan t  users and 
p o t e n t i a l  users .  Cons idera t ions  i n  t h e  se- 
l e c t i o n  o f  t h e  areas t o  be s t u d i e d  i n c l u d e d  
judgments o f :  

The ques t i on  

The above 

Second, t h e  

It i d e n t i f i e d  a t  l e a s t  35 

However, s ince  i t  was n o t  f e a s i b l e  t o  
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The p o t e n t i a l  o f  an o r g a n i z a t i o n  f o r  he lp -  
i n g  t o  deal  w i t h  problems o f  s i g n i f i c a n t  
s o c i a l  i n t e r e s t ,  e.g. p o l l u t i o n  and 
energy, and 
The r e l a t i v e  dependence o f  an o r g a n i z a t i o n  
upon advances i n  t i m e  and f requency  tech-  
nology. 
Taking a l l  t h i s  i n t o  account, I formed a 

The areas s t u d i e d  

l i s t  o f  e i g h t  areas t o  be s tud ied ,  which 
i n c l u d e d  a broad c ross -sec t i on  o f  t h e  t i m e  
and f requency  community. 
i n  d e t a i l  a r e  shown here: 

- Standards l a b o r a t o r i e s  
- Users o f  NBS r a d i o  broadcasts 
- Telephone i n d u s t r y  and s p e c i a l i z e d  

c a r r i e r s  
- M i l i t a r y  
- P o s i t i o n  
- A v i a t i o n  
- E l e c t r i c  
- Sh ipp ing  

These areas 

1 o c a t  i o n  
i n d u s t r y  
power i n d u s t r y  
and b o a t i n g  i n d u s t r i e s  

a r e  broad enouah t h a t  i t  was 
p o s s i b l e  t o  e x t r a c t  f rom them-most o f  t h e  
i n f o r m a t i o n  needed i n  t h e  16 ca tegor ies  o f  
t h e  Flow M a t r i x .  

Consider now t h e  numbers t h a t  go i n  each 
o f  t h e  elements o f  t h e  M a t r i x .  Fo r  many o f  
t h e  SUPPLIER-USER t r a n s a c t i o n s  (i .e. t h e  
elements o f  t h e  m a t r i x )  t h e r e  a r e  two de- 
s c r i p t o r s :  

1. ) The "vo l  ume-of-use" d e s c r i p t o r  appear- 
i n g  i n  t h e  cen te r  o f  an element, and 

2. ) The " importance" d e s c r i p t o r  appear ing 
i n  t h e  upper l e f t  hand co rne r  o f  an 
element. 

The " v o l  ume-of-use" d e s c r i p t o r  has f o u r  

0 = N e g l i g i b l e  
2 = Occas iona l l y  use i t  b u t  n o t  a common 

p a r t  o f  ope ra t i ons  
3 = Use o f t e n  enough t h a t  i t  forms a b a s i c  

p a r t  o f  ope ra t i ons  
4 = A c e n t r a l  p a r t  o f  opera t ions .  Used 

con t inuous ly  o r  ve ry  r e g u l a r l y .  

I n  these d e f i n i t i o n s  I have avoided an ex- 

p o s s i b l e  l e v e l s .  They a r e  d e f i n e d  as: 

p l i c i t  s ta tement  as t o  t h e  r e l a t i o n s h i p  
between t h e  T&F i n p u t  ( f rom s u p p l i e r )  and t h e  
s o c i a l  va lue  o f  an o rgan iza t i on ' s  ( u s e r ' s )  
ou tpu t .  

p o s s i b l e  l e v e l s ,  d e f i n e d  as: 
The " importance" d e s c r i p t o r  a1 so has f o u r  

1 = Pure l y  a m a t t e r  o f  convenience 
2 = Economical ly compel l ing  o r  s t r o n g l y  

3 = L e g a l l y  r e q u i r e d  o r  a l t e r n a t e  sources 
d e s i r a b l e  

u n s a t i s f a c t o r y .  

source. 
4 = Ma t te rs  o f  l i f e  and death  o r  s o l e  

These d e f i n i t i o n s  c o n t a i n  some ve ry  s t r o n g  
socio-economic judgments. They shou ld  be 
i n t e r p r e t e d  as r e f e r r i n g  t o  t h e  va lue  of 
t h e  T&F i n p u t  i n  the  u s e r ' s  i n t e r n a l  opera- 
t i o n s  and n o t  t o  T&F's va lue  t o  t h e  o u t p u t  
o f  t h e  user .  

I t  i s  necessary t o  be s p e c i f i c  when ass ign-  
i n g  va lues  t o  e i t h e r  o f  t he  two d e s c r i p t o r s  
as t o  t h e  na tu re  o f  t h e  t ime  and/or f requency 
o u t p u t  f rom a s u p p l i e r .  It i s  d e s i r a b l e  t o  
d i  s t i  ngu i  s h e i g h t  s p e c i f i c  ca t e g o r i  es . They 
are :  

A .  A T and/or F source (a  p iece  of equ ip -  
ment) 

B.  A d isseminated T and/or  F signal (an  
e lec t romagnet ic  wave) 

C. A receiver f o r  T&F s i g n a l s  
D. A p a r t i c u l a r  dissemination means 

(equipment) f o r  T&F 
E .  Published information about T&F 
F. Consultation about T&F 
G. Regulations and/or speci f icat ions 

H. 

A l e t t e r  appears i n  t h e  lower  r i g h t  hand 
co rne r  o f  each element. I t  i d e n t i f i e s  t h e  
o u t p u t  upon which t h e  va lues  o f  t h e  two 
d e s c r i p t o r s  a r e  based. 
because I have more i n f o r m a t i o n  - I have 
sometimes i d e n t i f i e d  more than  one ou tpu t .  
Note, i n  t h i s  case, t h a t  i t  i s  always t h e  
f i r s t  l e t t e r  upon which t h e  d e s c r i p t o r s  a r e  
based. 

It shou ld  be p a r t i c u l a r l y  no ted  here t h a t  
i n  one case t h e  " s u p p l i e r "  supp l i es  reques ts  
f o r  T&F equipment o r  se rv i ces  on ly ,  and n o t  
T&F equipment and s e r v i c e s  themselves. 

Only direc t  t r ansac t i ons  were a l l owed  i n  
cons ide r ing  t h e  va lues  t o  be assigned t o  t h e  
va r ious  t ransac t i ons .  For example, i f  a 
q u a r t z  watch manufac turer  p rov ides  watches 
t o  t h e  genera l  p u b l i c ,  t h a t  i s  a non-zero 
t r a n s a c t i o n  o f  t h e  5, 16 type, i . e .  o f  t h e  
Watch Indus t ry -Genera l  P u b l i c  type. I f  a 
q u a r t z  o s c i l l a t o r  manufac turer  p rov ided  t h e  
watch manufac turer  w i t h  t h e  q u a r t z  o s c i l -  
l a t o r s  t h a t  went i n t o  t h e  watches, t h i s  
would n o t  be an a l l o w a b l e  i n t e r a c t i o n  o f  t h e  
t ype  4, 16. There fore ,  if no d i r e c t  i n t e r -  
a c t i o n '  e x i s t s  then t h e  "volume-of-use" 
d e s c r i p t o r  i s  zero.  And, obv ious l y ,  SO i s  
t h e  " importance" d e s c r i p t o r .  It shou ld  be 
c a r e f u l l y  no ted  aga in  t h a t  any g i v e n  rank ing  
was based o n l y  on one o u t p u t  f rom t h e  s u p p l i e r .  
I n  manyxases a g i ven  s u p p l i e r  p rov ides  more 
than one i n p u t  t o  a g i ven  user ;  I have 

f o r  T&F 
Requests f o r  T&F equipment o r  se rv i ces  

I n  a few ins tances  - 
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s t ressed  the most important i n p u t  in each 
case. The hope i s  tha t  t h i s  will define the  
primary cha rac t e r i s t i c s  of  the system. 

For the majority of the elements only one 
number appears, i t  being my estimate o f  the  
"volume-of-use" descr iptor .  I did n o t  
attempt t o  estimate the "importance descri p- 
tor", feel ing tha t  my knowledge was insuf f i -  
c i en t  f o r  more than one estimate.  

the reader should not 
attempt to  in t e rp re t  the T&F Flow Matrix in 
terms of  the  social  value of  T&F to  the end 
user. The in t en t  of the Flow Matrix i s  
simply t o  define some cha rac t e r i s t i c s  of 
T&F flow from suppl ier  t o  user. 

2.5.1.2 Nature of the Suppliers and Users 

sect ion:  f i r s t ,  some examples of how values 
were assigned t o  the  descr iptors ;  second, 
some general conclusions a b o u t  who a r e  the 
major suppl iers  and users; t h i rd ,  changes 
which have occurred o r  wil l  probably occur 
in  the supply and use of T&F. 

The purpose of the f i r s t  i s  t o  give the  
reader a feel ing f o r  the considerations in- 
volved and n o t  t o  l i s t  the values assigned 
to  a l l  the  elements. In the second sub- 
sec t ion ,  I general ize  about the  function/s 
t ha t  time and/or frequency perform f o r  the 
major users. Third, I discuss whys and 
hows o f  actual and possible  changes. ' 

The question of change quickly gets  in to  
socio-economic considerations.  Nevertheless, 
I s t i l l  attempt t o  confine t h i s  t o  i t s  mean- 
ing t o  the users '  in ternal  operations,  the  
problem of cost-benefi t  analysis  and the 
end user being reserved fo r  sect ion 3 .  

2.5.1.2.1 Examples of Assigning Values t o  
the Descriptors 

Examples of seven of the  e ight  types of 
T&F o u t p u t  l i s t e d  in  sect ion 2.5.1.1 a re  
given here. 

An example of a frequency source occurs 
in t ransact ion 4,  11 (Osc i l la tor  Manufactur- 
ers-Department of Defense). The mi 1 i t a ry  
uses i t s  atomic o s c i l l a t o r s  of ten enough 
t h a t  level 3 in the "volume-of-use" descrip- 
tor appl ies .  Cal ibrat ion with a standard 
frequency signal i s  of ten n o t  possible,  o r  
a t  l e a s t  n o t  desirable ,  so they need the  
frequency accuracy of atomic osci 1 l a t o r s  
which they cannot produce themselves. 
the "importance" descr ip tor  i s  ra ted 3.  

An example of a time s i g n a 2  i s  in t rans-  
act ion 6,  13. The yachting community uses 
ce l e s t i a l  navigation and therefore  date ,  fo r  
posit ion locat ion on the open sea. When i t  
i s  needed, i t  i s  used a t  l e a s t  once per day, 

A word of warning: 

There a r e  three  elements comprising t h i s  

Thus, 

so level 4 of "volume" appl ies .  When celes-  
t i a l  navigation i s  being used i t  could be a 
matter of l i f e  and death t o  obtain an ade- 
quate " f ix" .  I t  a l so  i s  sometimes t rue  t h a t  
the NBS ( W W V H )  signal i s  the only one ava i l -  
able .  Thus, I have assigned a value of 4 t o  
"importance". If e lec t ronic  posit ion loca- 
t ion  equipment (Loran-C, Omega) i s  a l so  on 
board and working, then t h i s  "importance" 
ranking would not be cor rec t .  Since elec-  
t ron ic  posit ion location i s  a t  l e a s t  a 
potent ia l  a l t e rna t ive ,  some readers may s t i l l  
object  t o  a ranking of 4 for "importance". 
I s t r e s s  again tha t  the Flow Matrix i s  t o  be 
interpreted as  a "snap shot" of the present.  

Another example of signal as  a n  output i s  
7 ,  6.  The NBS compares i t s  time sca le  with 
t h a t  of  the  USNO on a very regular bas i s ,  
thus 1 eve1 4 of "volume" appl i e s .  "Importance" 
i s  given a value of 3 because the high qua l i ty  
o f  the  USNO time sca le  means tha t  n o t  t o  do 
so would be exceedingly unwise. 

A g rea t  many jewelers l i s t e n  t o  the WWV 
time-of-day broadcast in order t o  ca l ib ra t e  
t h e i r  watches and clocks.  To do t h i s ,  they 
must have a receiver.  For the 4,  5 t rans-  
ac t ion ,  "volume" i s  3. Because the jewelers 
cannot, in  general , build t h e i r  own receivers ,  
"importance" i s  a l so  3. 

The American Telephone and Telegraph Co. 
owns and operates a very extensive,  high- 
qua l i ty ,  1 ine-of-sight microwave dissemina- 
tion system. 
rubidium frequency standards in  t h e i r  s tud ios ,  
which a re  used t o  frequency s t a b i l i z e  the 
broadcasts. The s t a b i l i t y  (roughly speaking) 
of these standards i s  disseminated over the  
microwave system and the s igna ls  a r e  regular- 
ly  monitored by NBS. Some of the standards 
labora tor ies  of the  U .  S .  Navy a re ,  or  very 
soon wil l  be, using this system t o  ca l ib ra t e  
the frequencies of t h e i r  own o s c i l l a t o r s .  
Since t h i s  w i l l  be a basic par t  of t h e i r  T&F 
operations,  the 14, 9 t ransact ion i s  ra ted 
3 f o r  "volume". Because of the h i g h  qua l i ty ,  
r e l a t ive ly  low cos t ,  and t r aceab i l i t y  t o  NBS 
of t h i s  se rv ice ,  we consider i t s  use s t rongly 
des i rab le .  The "importance" is judged t o  be 
2. 

Many people use NBS T&F publications b u t  
of ten i t  i s  not a basic par t  of t h e i r  oper- 
a t ions ,  e .g .  the science community of ten 
uses i t  as  background knowledge. Thus the 
"volume" ranking of 6,  1 i s  2 .  From the 
point of view of the National Measurement 
System f o r  Time and Frequency, i t  i s  s t rongly 
des i rab le  tha t  t h i s  information be ava i lab le ,  
so I have assigned a value of 2 t o  "import- 
ance". 

ConsuZtation i s  a very important par t  of 
the  a c t i v i t i e s  of many T&F suppl ie rs .  
have chosen, however, not t o  assign any of 

The major TV networks maintain 

I 
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the rankings i n  this matrix on the basis  of 
t h i s  o u t p u t .  

ReguZations s e t  f o r t h  by the FCC f o r  the  
frequency accuracy of broadcasting have 
legal force  and require  regular a t ten t ion  by 
the broadcasters.  Therefore, both the 
"volume" and "importance" descr iptors  of 10, 
14 a r e  ra ted 3. 

60 Hz the  e l e c t r i c  power industry of this 
country i s  a profoundly important par t  o f  
general-use time keeping. The public has 
come to  expect this  serv ice  and sometimes, 
in  f a c t ,  the  pub1ic"request" i t .  Accordingly, 
the "volume" measure of the  16, 15 t ransact ion 
i s  3,  and the importance level i s  2. 

2.5.1.2.2 Major End Users and Their Suppliers 

By keeping i t s  average frequency very near 

The National Measurement System f o r  Time 
and Frequency i s  a complicated system. 
The Flow Matrix was designed to  make the flow 
of T&F outputs comprehensible, b u t  even w i t h  
this i t  i s  d i f f i c u l t  t o  grasp the essence of 
the T&F flows. One important t h i n g  we can do 
towards understanding the Matrix is  to  ident i -  
f v  the  major end users and categories  which 
supply them. 
10-16) i s  one which uses T&F as  a means t o  an 
end and not as  an end i n  i t s e l f .  Thus, the 
telephone industry ( p a r t  of category 14) i s  
an end user because i t  uses accurate  frequency 
to  control i t s  frequency divis ion mu1 t iplexing 
system. The NBS i s  & a n  end user because 
i t  uses v i r t u a l l y  a l l  i t s  inputs to  improve 
o r  check i t s  a b i l i t y  t o  generate and dissem- 
i n a t e  T&F.  

I t  i s  meaningful t o  def ine a major end 
user as  one f o r  whom both descr iptors  a r e  
ra ted 3 o r  higher, thus 10-16 a r e  major end 
users.  The suppl iers  of these major end users 
a r e  categories  2 ,  4-7, 9, 10, 1 1 ,  14, and 15. 

The general public (category 16) may be 
c l a s s i f i e d  as  both a major end user and 
suppl ier  i n  t h a t  i t  reads i t s  own watches and 
clocks.  This i s  a s k i l l  usually taken f o r  
granted b u t  i t  would grea t ly  a l t e r  society 
should t h i s  a b i l i t y  be l imited to  a few 
people. 

I t  might be questioned whether the  regula- 
tory function as  performed f o r  example by the 
FCC, can legi t imately be considered a T&F i n -  
p u t .  Since i t  c l e a r l y  r e s t r i c t s  the  system 
and i n  some ways gives i t  s t a b i l i t y ,  I con- 
tend t h a t  i t  i s  useful to  do so. 

In user categories  10 through 16, there  
a r e  three recurring functions which T&F per- 
forms f o r  the user: communication, naviga- 
t i o n ,  and coordination. The a b i l i t y  t o  
divide frequency and time/space provides the 
communications function and is  of major 
importance in  categories  11 ,  13, and 14. 

An end user category (1, and 

The re la t ionship  between time and dis tance 
provides the navigation (pos i t ion  locat ion)  
function which i s  v i t a l  i n  categories  1 2  and 
13. The aspects  of constant r a t e  and the 
a b i l i t y  to  f a c i l i t a t e  s imultanei ty  provide 
t h e  coordination function which i s  basic to  
categories  1 1 ,  1 2 ,  15, and 16. 

Defining the needs f o r  accuracy and/or 
precision could be accomplished by adding 
another descr iptor  to  the Matrix, b u t  i n  my 
opinion, the value added would not be worth 
the additional c l u t t e r .  This i s  a topic  which 
a r i s e s  i n  discussing change and appears i n  
the next sect ion.  

2.5.1.2.3 Directions of Change i n  the  
National Measurement System f o r  
Time and Frequency 

This sect ion examines three major technic- 
a l  areas  where changes a r e  occurring o r  will  
probably occur. These areas a r e  as  follows: 

1. 

2 .  

3. 

As 

By 1980-1985 there  wil l  probably be a 
widespread network of clocks which a r e  
synchronized w i t h  respect  to  each 
other  to  between 1 and 10 microseconds. 
Within t h a t  period there  wil l  probably 
be a widespread network of terminals 
t h a t  a r e  equalized i n  frequency with 
respect  t o  each other  t o  about 
1 x lo-". Very l i k e l y ,  a l l  of the 
clock locat ions of item 1 wil l  be 
among these frequency equal i zed term- 
i n a l s .  There probably wil l  be many 
others  i n  addi t ion a1 though the needs 
f o r  frequency equal izat ion beyond the 
1 x 10 I o  level wil l  usually have a 
strong r e l a t i o n  t o  t i m i n g  a c t i v i t y .  
There may be s i g n i f i c a n t  pressure from 
the  public f o r  a 100-fold improvement 
in  the accuracy of time-of-day, widely 
ava i lab le ,  f o r  s e t t i n g  watches and 
clocks.  

i n  most s i t u a t i o n s  of DOSSible chanqe, 
there  wil l  be pressures (socio-economic a; 
well as technica l )  f o r  preservation of the 
s t a t u s  quo as  well as  f o r  a l t e r a t i o n .  My 
comments contain inherent socio-economic con- 
s idera t ions  b u t  I wi l l  confine my de ta i led  
discussions t o  technical mat ters .  A br ief  
economic ra t iona l iza t ion  behind these pre- 
d ic t ions  may be found i n  sect ion 3. 

2.5.1.2.3.1 Time Synchronization and Posit ion 
Location 

There e x i s t  today, i n  addi t ion t o  portable 
atomic clocks,  th ree  (widespread) means f o r  
synchronizing clocks to  10 us o r  b e t t e r .  In 
order  o f  accuracy, they are:  1 . )  Omega 
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(about 10 us), 2 . )  
and 3 . )  
System (about 0.3 p s ) .  
a r e  both networks of t ransmi t te rs  used f o r  
navigation purposes. The Defense S a t e l l i t e  
Communication System i s  a network of s a t e l -  
l i t e s  used f o r  the  purpose of communication. 
All three of these systems a r e  expensive 
(a minimum of $5000 per receiving s i t e  
f o r  the  l e a s t  expensive system) and d i f f i -  
c u l t  t o  use. The NBS broadcast s t a t i o n s  
W W V  and W W V H  provide a widespread means of 
t i m i n g  t h a t  i s  simple t o  use and of low 
c o s t  (about $2OO/si t e )  . 
service i s  only capable of about 100 micro- 
second synchrorri zat ion.  

There i s  presently a debate as  to  whether 
there  i s  a requirement i n  data transmission 
f o r  a communication network t h a t  has nodes 
t h a t  a r e  synchronized t o  a tolerance in  the 
range of 1 to  10 p s .  The opponents of such 
a system say, f o r  example, t h a t  i t  would not 
be economically useful because i t  i s  more 
e f f i c i e n t  t o  time the nodes on a pair-by- 
pa i r  basis  by sending synchronizing pulses 
along with the data .  
s torage buffers  a r e  needed in  the timed net- 
work as  well as i n  the  pair-by-pair system 
to  ad jus t  f o r  d i f f e r e n t  f ixed delays,  i t  i s  
wasteful t o  continuously maintain a synchron- 
ized network. The advocates admit t h a t  buff- 
e r s  would s t i l l  be needed b u t  argue t h a t  f o r  
a many-node switched system, the timed net- 
work o f f e r s  an important increase in f l e x i b i l -  
i ty .  

ever ,  I believe i t  will be s e t t l e d  i n  favor 
of the proponents and within f i v e  to  ten 
years ,  a widespread time synchronization 
capabi l i ty  wil l  be ava i lab le .  This wil l  
e x i s t  i n  - the  form of one o r  more systems t h a t  
can synchronize a network of clocks to  a 
tolerance of from 1 to  10 p s .  One such 
p o s s i b i l i t y  i s  a s e t  of nodes inter l inked by 
l ine-of -s ight  (LOS) microwave l i n e s  such as 
i s  now being tes ted  by Bell-Canada. In t h i s  
case,  the  synchronizing system and the clocks 
to  be synchronized tend t o  become i n d i s t i n -  
guishable.  

Two general comments about the f e a s i b i l i t y  
and u t i l i t y  of such a system a r e  appropriate .  
F i r s t ,  LOS microwave transmission has a 
proven path s t a b i l i t y  of the order of tens 
t o  hundreds of nanoseconds over t h e  period 
of a day. This appl ies  t o  paths of from 20 
t o  2000 miles.  ( I f ,  of course, there  i s  
more than one path between two points and a 
switch i s  made between paths,  then the  delay 
change wil l  be vas t ly  g r e a t e r . )  T h i s  means 
t h a t  f o r  LOS microwave, path i n s t a b i l i t y  i s  
not l imit ing a t  the 1 us l eve l .  Second, a 
widely ava i lab le  time sca le  does have the  

Loran C (about 1 p s ) ,  

Omega and Loran C 
the  Defense S a t e l l i t e  Communication 

However, th is  

They claim t h a t  s ince  

This argument becomes qui te  involved; how- 

capabi l i ty  of coordinating systems which a r e  
time-dependent b u t  which were i n i t i a l l y  i n -  
dependent. Thus, i f  a timed network develops 
within the telephone system, there  may be 
socio-economic advantages to  making this  time 
ava i lab le  to  other  time-dependent systems. 

Par t ia l  support f o r  my opinion t h a t  the 
1-10 us timed network would be useful comes 
from a recent poll ing of T&F experts .  
t h i s  poll there  was a ra ther  strong opinion 
t h a t  such a system, i f  ava i lab le ,  would be 
in  extensive use between 1980 and 1985. This 
poll i s  discussed i n  sect ion 3. 

technical-economic f e a s i b i l i t y  of such a sys- 
tem i s  good, low cos t ,  frequency equal izat ion,  
reviewed i n  sect ion 2.5.1.2.3.2. 

Even more sophis t icated synchronization 
systems a r e  being proposed f o r  purposes of 
posi t ion locat ion.  The  most ambitious of 
these i s  t h e  Global Posit ioning System under 
development by the  U. S .  mi l i ta ry ,  based on 
a global network of s a t e l l i t e s ,  each carry- 
ing an exceedingly s t a b l e  clock. 
of this system i s  t o  be able t o  loca te  pos- 
i t i o n  anywhere i n  t h e  world t o  a repeatabi l -  
i t y  of about ten feet .  This corresponds to  
being ab le  t o  predict  s a t e l l  ite-to-ground 
path delay a t  l e a s t  a s  well as  10 nanoseconds 
f o r  any given path, a t  any given time, on 
any given day. The NBS knowledge on this 
matter suggests t h a t  the present s ta te -of -  
the-ar t  i n  predicting s a t e l l i t e - t o - e a r t h  
path delay i s  no b e t t e r  than 10 nanoseconds. 
The designers of the system hope to  achieve 
t h i s  performance without synchronizing the 
s a t e l l i t e  clocks more of ten than once i n  
2 weeks. This t r a n s l a t e s  i n t o  a frequency 
s t a b i l i t y  requirement of about 1 x f o r  
a 2-week averaging time. 

2.5.1.2.3.2 Frequency Equalization 

needs f o r  frequency equal izat ion i n  the  
order of increasing needs f o r  accuracy and/ 
o r  precis ion.  
i s  t h a t  t h e  needed ca l ibra t ion  system i s  about 
ten times more accurate o r  precise  than the 
inherent capabi l i ty  of the device to  be 
cal i bra ted.  

The typical mechanical wrist watch i s  
capable of maintaining time-of-day accuracy 
to  about one minute over one day 's  time. 
e r r o r  in average r a t e  (frequency) of about 
1 x would produce this  much time e r r o r  
over one day 's  time. 
quency ca l ibra t ion  should be accurate  t o  
about 1 x 

power industry a r e  capable of having their 
frequencies r e s e t  t o  about 1 x 10 Hz, or 

In 

One of t h e  t h i n g s  t h a t  would a id  the  

The goal 

I t  i s  helpful t o  b r i e f l y  review the major 

The  approximation used here 

An 

T h u s ,  a source of f re -  

The newer generators i n  the  e l e c t r i c  
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rough ly  1 x o f  t he  nominal 60 Hz. I t  sec. 3.2).  
i s  t h e r e f o r e  d e s i r a b l e  t o  have a f requency 
re fe rence  a t  60 Hz which i s  accu ra te  t o  t o  be l a r g e  t e c h n i c a l  need f o r  f requency 
about  1 x e q u a l i z a t i o n  pe r  se. Pas t  t h i s  l e v e l ,  f r e -  

quency e q u a l i z a t i o n  requirements become a 
ment on t h e  f requenc ies  o f  a l l  broadcasts.  P a r t  Of  t h e  requirements f o r  t ime  synchron iz -  
As d iscussed i n  s e c t i o n  2.4.4 t h e  most a t i o n .  For  example, i f  i t  i s  d e s i r e d  t o  
s t r i n g e n t  requirement,  about  1 x m a i n t a i n  c locks  i n  synchronism t o  1 us and 
a p p l i e s  t o  t h e  TV broadcas ters .  Because t h e  n o t  resynchron ize  more Often than once per  
law r e q u i r e s  t h a t  t h e  c a l i b r a t i o n  be t race -  dayy  then t h e  f " k s  O f  t h e  c locks  must 
a b l e  t o  NBS, t h e  c a l i b r a t i o n  source shou ld  be equal  t o  one another  t o  somewhat b e t t e r  
be accu ra te  t o  about  1 x There i s  now than  1 x l o - ' ' .  
a s i g n i f i c a n t  p o s s i b i l i t y  t h a t  t h e  FCC w i l l  Jus t  as f o r  t ime  synch ron iza t i on ,  i t  i s  
r e q u i r e  t h e  opera to rs  o f  cab le  TV systems t o  use fu l  t o  l o o k  a l i t t l e  f u r t h e r  i n t o  t h e  
m a i n t a i n  t h e i r  c a r r i e r s  accu ra te  t o  1 x fu tu re .  A s i n g l e  l i n k  of an LOS microwave 
Th is  would make a source accu ra te  t o  system does have a day-to-day pa th  s t a b i l i t y  
1 x 10  ve ry  d e s i r a b l e .  If such a r u l e  i s  Of about  10 nanoseconds. I f  a person wanted 
imposed i t  would p robab ly  come t o  app ly  t o  t o  take  f u l l  advantage of t h i s  f o r  t h e  pur -  
a l l  TV broadcasts.  pose of t ime synch ron iza t i on ,  he would want 

Note t h a t  f requency c o n t r o l  o r  measure- o s c i l l a t o r s  wh ich  were s tab le ,  averaged over  
ment requirements beyond about  1 x and would 
1 x p ress  t h e  l i m i t  of w i d e l y  a v a i l a b l e ,  need them equa l i zed  t o  about t h i s  l e v e l .  Th i s  

. lowest  c o s t  mechanism: WWV-WWVH. i s  p ress ing  t h e  s ta te -o f - the -a r t  o f  commer- 
c i a l l y  a v a i l a b l e  atomic frequency standards.  

spread a p p l i c a t i o n  f o r  f requency e q u a l i z a t i o n  For  i n fo rma t ion  on t h e  s t a t e - o f - t h e - a r t  of 

Beyond abou t  1 x lo-'' t h e r e  does n o t  seem 

The FCC a p p l i e s  a l ega l l y -backed  r e q u i r e -  

- one day, t o  b e t t e r  than 1 x 

There i s  a s p e c i a l i z e d  b u t  ve ry  wide- 

w i t h i n  t h e  te lephone system: f requency 
d i v i s i o n  m u l t i p l e x i n g  (FDM) r e q u i r e s  t h a t  
f requency be equa l i zed  a t  about  50 p laces  
i n  t h e  U.  S. t o  approx imate ly  1 x l o - ' " .  
The B e l l  System appears t o  be s a t i s f y i n g  
t h e i r  own need i n  t h i s  rega rd  ( f o r  more de- 
t a i l  see sec. 2.5.2.3). There i s  an i n t e r -  
n a t i o n a l  o r g a n i z a t i o n  which debates ma t te rs  
o f  t h i s  nature,  t h e  CCITT ( C o n s u l t a t i v e  
Committee on I n t e r n a t i o n a l  Telephone and 
Te legraph) .  
Committee agreed t o  recommend a f requency 
t o l e r a n c e  o f  1 x I O - "  f o r  i n t e r n a t i o n a l  
c o o r d i n a t i o n  o f  t h e  FDM networks o f  t he  
va r ious  te lephone systems. The a c t u a l  tech- 
n i c a l  need f o r  now and t h e  fo rseeab le  f u t u r e  
i s  more l i k e  1 x lo- ' ' .  [12] 

The s t a t e - o f - t h e - a r t  f requency d r i f t  o f  
q u a r t z  o s c i l l a t o r s  i s  about  1 x lO- '" /day.  
Thus, f o r  t h e  te lephone a p p l i c a t i o n  and even 
f o r  t h e  probab le  new FCC requ i rement  on TV, 
i t  i s  necessary t o  use atomic o s c i l l a t o r s  i n  
t h e  o p e r a t i o n  o f  t h e  system o r  a t  l e a s t  t o  
have easy access t o  them. 

p o i n t .  
quency e q u a l i z a t i o n  i n  t h e  range o f  10 e 
t o  l o - ' '  wherein i t  i s  undes i rab le  t o  be 
"hooked i n "  t o  a f requency e q u a l i z i n g  n e t -  
work. The p o r t a b l e  c locks  o f  t h e  Global  
P o s i t i o n i n g  System a r e  one example; 
t h e  FDM network o f  t h e  te lephone system i s  
another .  O s c i l l a t o r s  meet ing t h i s  r e q u i r e -  
ment now c o s t  about  $5000 o r  more. 
would p robab ly  be a s i g n i f i c a n t  market f o r  
a dev i ce  i n  t h e  range o f  $1000 t o  $2000 (see 

I n  a r e c e n t  meet ing,  t h e  

Th is  b r i n g s  me t o  another ve ry  impor tan t  
There a r e  some a p p l i c a t i o n s  f o r  f r e -  

p a r t  o f  

There 

commercial and l a b o r a t o r y  f requency standards 
t h e  reader  shou ld  c o n s u l t  re fe rence  13. 

2.5.1.2.3.3 Improved S e t t i n g  o f  Watches and 
C1 oc ks 

The t ime  o f  day, p rov ided  by  watches and 
c locks ,  may be ob ta ined  n e a r l y  anywhere, any- 
t ime.  The e l e c t r i c  power i n d u s t r y  (EPI)  p ro-  
v ides  f a i r l y  accu ra te  average frequency 
(averaged ove r  one day), and as e l e c t r i c  
c locks  a r e  phase accumulators (add ing  up 
successive t i m e - i n t e r v a l  s ) ,  t ime  c o r r e c t  t o  
t h e  neares t  minu te  i s  f a i r l y  easy t o  come by. 

Conversely, i t  i s  ve ry  d i f f i c u l t  t o  s e t  
t h e  p o s i t i o n  of the  second hand w i t h  respec t  
t o  t h e  minu te  and hour hands. Thus, t he  
accwacy w i t h  which t ime-of-day can be ob- 
t a i n e d  from t h e  t y p i c a l  watch o r  c l o c k  i s  
rough ly  30 seconds. The b a s i c  use o f  t h e  
second hand has been t o  make r e l a t i v e l y  
accu ra te  (about  1 second) measurement o f  f a i r -  
l y  s h o r t  t ime  i n t e r v a l s  (a  few tens  o f  minutes 
a t  most ) .  

I t  now appears t h a t  we a r e  w i t h i n  f i v e  
years  o f  a s i g n i f i c a n t  change i n  t h e  watch 
and e l e c t r i c  c l o c k  s i t u a t i o n .  
a b i l i t y  of watches and c locks  w i t h  digitaZ 
d i s p l a y s  i t  w i l l  be easy t o  s e t  t h e  seconds 
read ing  w i t h  respec t  t o  t h e  minutes and hours 
read ing .  Therefore, f o r  t h e  f i r s t  t ime  on a 
widespread bas i s  t h e  seconds d i s p l a y  can have 
good accuracy, n o t  o n l y  because a change o f  
one second i s  c l e a r l y  reso lvab le ,  b u t  because 
t h e  r a t e s  ( f requenc ies)  o f  the  watches a r e  
accu ra te  enough t h a t  t h e i r  p robab le  d a i l y  
e r r o r  i s  approx imate ly  one second versus one 

Wi th  t h e  a v a i l -  



minute,  as w i t h  t h e  usual  watch. 
The p o i n t  i s  n o t  t h a t  many people need 

t ime-of-day accu ra te  t o  one second, b u t  
r a t h e r  t h a t ,  f o r  t h e  f i r s t  t ime, a g r e a t  
many w i l l  become aware o f  t he  f a c t  t h a t  t h e r e  
a r e  v a r i a t i o n s  o f  as much as 30 seconds be- 
tween sources which they  had h e r e t o f o r e  
considered accurate.  

accuracy? I f  they  do, t h e  p resen t  a v a i l a b i l -  
i t y  o f  proper  c a l i b r a t i o n  i s  inadequate and 
we can expect  t o  see a s i g n i f i c a n t  up- 
g rad ing  o f  t h e  t ime-of -day s e r v i c e  o f f e r e d  
by t h e  te lephone i n d u s t r y .  
p lace  an addi  t j o n a l  burden upon t h e  telephone 
t ime-of -day s e r v i c e  o f  NBS. I discuss t h i s  
m a t t e r  aga in  i n  s e c t i o n  2.5.2.2. 

As s t a t e d  e a r l i e r ,  t he  e l e c t r i c  power 
i n d u s t r y  i s  a ve ry  impor tan t  source of  t ime, 
a t tempt ing  t o  h o l d  i t s  average frequency 
c l o s e  enough t o  60 Hz t h a t  t h e  accumulated 
t ime  e r r o r  over  one day 's  t i m e  i s  no more 
than two seconds. But  I have been in formed 
t h a t  i n  areas where t h e  power system i s  over-  
loaded t h e  t ime  can be i n  e r r o r  by as much as 
30 seconds. 
r e l a t i o n s h i p  o f  t h e  e l e c t r i c  power i n d u s t r y  
t o  t ime-of -day i s  about t o  change. 

2.5.2 H i g h l i g h t s  o f  Major  Users 

2.5.2.1 Standards L a b o r a t o r i e s  

W i l l  many people ca re  about t h i s  improved 

I t  may a l s o  

It may t h e r e f o r e  be t h a t  t h e  

The s tudy o f  t h e  standards l a b o r a t o r i e s  
was conducted by sending a q u e s t i o n n a i r e  t o  
each o f  t h e  members o f  t h e  Na t iona l  Confer-  
ence o f  Standards L a b o r a t o r i e s  (NCSL) [ill. 
As o f  February 1, 1973, NCSL l i s t e d  257 
standards l a b s  i n  t h i s  country ,  and o f  these, 
157 a r e  NCSL members. Some 68% o f  t h e  NCSL 
membership responded t o  t h e  ques t i onna i re .  

O f  t he  responders, 96% per form r e g u l a r  
f requency c a l i b r a t i o n s  and 80% do t ime-  
i n t e r v a l  c a l i b r a t i o n s .  Presuming t h a t  those 
t h a t  d i d  n o t  respond do n e i t h e r  f requency 
n o r  t ime  c a l i b r a t i o n s ,  about 65% o f  t h e  NCSL 
performs r e g u l a r  f requency c a l i b r a t i o n s .  
Assuming t h a t  t h e  non-NCSL labs  have t h e  
same d i s t r i b u t i o n  as t h e  NCSL labs,  then 65% 
i s  t h e  approximate p a r t i c i p a t i o n  o f  a l l  
standards l abs  i n  t h i s  coun t ry  i n  f requency 
c a l i b r a t i o n .  I f  the  extreme assumption i s  
made t h a t  none o f  t he  non-NCSL l a b s  per form 
frequency c a l i b r a t i o n s  , then approx imate ly  
40% o f  a l l  t he  standards l a b s  i n  t h e  coun t ry  
do t h i s  work. A t  any r a t e ,  t h e  standards 
l a b o r a t o r i e s  o f  t h i s  coun t ry  appear t o  be an 
impor tan t  means o f  o b t a i n i n g  frequency and 
t i m e - i n t e r v a l  c a l i b r a t i o n s .  

c a l i b r a t i o n s  , 70% O f  them r e q u i r e d  accuracy 
b e t t e r  than 1 x 10 6 .  O f  those responding, 

O f  those NCSL members pe r fo rm ing  frequency 

about 11% own cesium beam frequency standards,  
5% own rub id ium standards,  and 85% r e g u l a r l y  
mon i to r  one o r  more o f  t he  NBS standard- 
f requency broadcasts.  Summing the  est imates 
o f  t h e  i n d i v i d u a l  respondees, I es t ima te  
t h a t  these 98 labs  per form about 60,000 f r e -  
quency c a l i b r a t i o n s  per  yea r .  

2.5.2.2 Time-of-Day t o  the  P u b l i c  

I n  1974, about f o u r  b i l l i o n  te lephone 
c a l l s  were made t o  o b t a i n  e i t h e r  t ime-o f -  
day (TOD), weather i n f o r m a t i o n ,  o r  bo th  [ 1 2 1 .  
I t ' s  est imated t h a t  t h e  number would have 
been about two b i l l i o n  i f  t h e  o n l y  s e r v i c e  
o f f e r e d  was TOD. 

phone system by means o f  about 1,000 TOD 
machines, based on a pre-recorded tape, 
p laced i n  te lephone company c e n t r a l  o f f i c e s .  
The r e c o r d i n g  i s  synchronized t o  TOD (UTC) 
by r e c e i v i n g  t h e  broadcast  f rom t h e  NBS r a d i o  
s t a t i o n  W W V .  

There a r e  two types o f  TOD machines i n  
use, t he  major  d i f f e r e n c e  t o  the  user  be ing 
t h e  accuracy w i t h  which t i m e  i s  rece ived .  
The dev i ce  g i v i n g  TOD a t  t h e  lower  l e v e l  o f  
accuracy announces t i m e  t o  about t h e  neares t  
one minute.  Th is  u n i t  begins announcing a 
g i ven  minute 25 seconds b e f o r e  t h a t  minute 
occurs and cont inues t h e  same announcement 
f o r  one minute.  Thus the  t ime  can be as 
f a r  o f f  as about 30 seconds. 

The dev ice which p rov ides  t h e  h i g h e r  
accuracy announces t h e  t ime  every t e n  sec- 
onds and says something l i k e ,  " A t  t h e  tone 
t h e  t ime w i l l  be --- 'I Th i s  dev i ce  has a 
p r e c i s i o n  of  b e t t e r  than 0.1 ms ( lo- ' '  sec- 
onds).  The accuracy a v a i l a b l e  t o  t h e  user  
w i l l  va ry  f rom telephone t o  te lephone and 
f rom day t o  day. 
o f f i c e s  t h a t  d e l i v e r  t h e  t ime every t e n  
seconds, t h e  t ime  w i l l  be accu ra te  t o  about 
f i v e  t o  15 ms. T h i s  depends on the propaga- 
t i o n  delay which i s  p r i m a r i l y  determined by 
the  d i s t a n c e  between t h e  WWV t r a n s m i t t e r  and 
t h e  o f f i c e .  It i s  my understanding t h a t  an 
approximate propagat ion delay c o r r e c t i o n  i s  
made a t  some o f  these o f f i c e s .  I f  so, t h e  
t i m e  disseminated f rom the TOD machine should 
be accu ra te  t o  about 1 ms. The t ime  as r e -  
ce i ved  by t h e  telephone user  w i l l ,  however, 
be much l e s s  accurate,  because the  telephone 
network can have l a r g e  and changeable t ime  
delays.  Personnel a t  NBS have done a few 
exper iments w i t h  t h i s  "every t e n  seconds" 
s e r v i c e  and f i n d  t h a t  i t  i s  u s u a l l y  accurate,  
a t  Boulder,  Colorado, t o  about 100 ms (0.1 
seconds). The average user  o f  t h i s  "every 
t e n  seconds'' s e r v i c e  would u s u a l l y  f i n d  t h e  
accuracy.  a t  l e a s t  t h i s  good; however, no 
one i s  g i v i n g  the user  any guarantees on t h e  

The s e r v i c e  i s  a v a i l a b l e  th roush  t h e  t e l e -  

As rece ived  a t  those 
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1 
accuracy of the system. 

A study based on a very restricted sam- 
pling indicated t h a t  one of every 134 users k 
wanted one second accuracy some of the time. p I f ,  however, d i g i t a l  watches become common, g 1 0 - 6 -  

perhaps a grea te r  number of people wil l  re- 0 

quest t h i s  accuracy (see  sec.  2.5.1 .2 .3 .3) .  

2.5.2.3 Technical Requirements f o r  Frequency E 
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Equalization within the  FDM Network 5 i o - ' -  
o f  t h e  Telephone Industry 
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w 
In the  U .  S .  telephone industry,  essen- 

t i a l l y  every phone c a l l  t h a t  t raverses  more 
than about 50 miles i s  car r ied  by what i s  
known as  the  frequency divis ion multiplexing 
(FDM) system. 
frequency equal izat ion requirements. In 
order t o  recover t h e  message a t  the receiving 
s i t e ,  an operation known a s  "reinser t ing the 
c a r r i e r "  must be performed. I f  the c a l l  
t rave ls  a long dis tance,  such a s  from coast-  
to-coast ,  a s  many as  f i v e  complete s tages  o f  
multiplexing may be needed. 
s tages  involves the  operation o f  c a r r i e r  re- 
inser t ion .  A n  o s c i l l a t o r  used f o r  r e i n s e r t -  
i n g  a c a r r i e r  must be closely equal in  f r e -  
quency t o  the  o s c i l l a t o r  which was used f o r  
transmission. 
quencies of t h e  two o s c i l l a t o r s  tends t o  
garble  the message. The present specif ica-  
t ion  in  t h e  telephone industry i s  t h a t  the 
o f f s e t  i n  frequency between sending and re- 
ceiving ends be not more than 2 Hz. I f  the 
f u l l  f i v e  s tages  of multiplexing a r e  used 
then the  absolute frequency tolerance on each 
o s c i l l a t o r  i s  0.2 Hz. In t h i s  case,  t h e  
nominal frequency of the  highest-frequency 
pa i r  of o s c i l l a t o r s  in the  chain i s  about 
60 MHz. T h u s ,  the  f rac t iona l  tolerazce on 
t h i s  pair  of o s c i l l a t o r s  i s  3.3 x 10 '. The 
nominal operating frequencies of the  other  
o s c i l l a t o r  pa i r s  in  the  chain i s  l e s s  and the  
f rac t iona l  to1 erance i s  correspondingly l e s s .  
[ I 2 1  

The need f o r  frequency equal izat ion has 
grown markedly over the  years ,  because t h e  
number of levels  of multiplexing has grea t ly  
increased and the  to le rab le  frequency o f f s e t  
has grown smaller.  Figure 4 shows the  i n -  
creasing need f o r  frequency equal izat ion.  

The needed frequency equal i ty  i s  achieved 
by sending s igna ls ,  p i l o t  tones (around t h e  
country on the telephone f a c i l i t i e s )  to  which 
t h e  various o s c i l l a t o r s  can be slaved. For 
some 40 years ,  u p  un t i l  about 1973, the  
sources of these p i l o t  tones were quartz 
o s c i l l a t o r s ,  kept s t a b l e  in long-term by 
tracking the  broadcasts of NBS. During the  
1960's and the  ear ly  par t  of the  1 9 7 0 ' ~ ~  the  
NBS s t a t i o n  WWVB was used as  the  reference.  

I t  has some ra ther  s t r ingent  

Each of these 

An inequal i ty  between the f r e -  

1 0 - 9 1  1 I I I I 1 
1 9 2 0  1 9 3 0  1940 1950  1 9 6 0  1 9 7 0  1 9 8 0  

Y E A R  OF I N I T I A T I O N  O F  N E E D  

Figure 4. Development of frequency accuracy 
i n  FDM system of telephone industry 
W i t h  the appearance of the  l a t e s t  ( f i f t h )  

level i n  the  FDM hierarchy i n  1973, the  p i l o t  
tone system based on quartz  o s c i l l a t o r s  has 
become inadequate. Because of this,  the  
American Telephone and Telegraph Company 
(AT&T) i s  p u t t i n g  a new p i l o t  tone system 
in to  operation. 

This new frequency equalization system 
wil l  be used by the e n t i r e  telephone industry 
(Bell System and independents) as was the 
older  system. I t  wil l  be based upon a group 
of three commercial cesium beam o s c i l l a t o r s ,  
one of which wil l  be "on line", the  other  two 
serving as  backup, permitting the detect ion 
of a f a u l t  in  any of them. 

Two s igna ls  will  be sent out  from this 
f a c i l i t y  - 20.48 MHz and 2.048 MHz - t o  each 
of some 30 t o  50 s i t e s  around the  country. 
The cesium o s c i l l a t o r s  wil l  be located a t  
Hillsboro,  Missouri. These s igna ls  wil l  be 
disseminated on the l ine-of-s ight  (LOS) micro- 
wave system of AT&T and on the  three  highest- 
qua l i ty  coaxial f a c i l i t i e s  i n  t h e i r  system. 

The 30 t o  50 s i t e s  t o  which these p i l o t  
tones will  go will  be equipped w i t h  sophis- 
t i ca ted  quartz  c rys ta l  o s c i l l a t o r s  which a r e  
known i n  the industry as  Jumbo Frequency 
Supplies (JFS),  devices which have a f ree-  
running d r i f t  r a t e  of l e s s  than 1 x 10 l o /  
day. 

The o s c i l l a t o r s  ( c a r r i e r  suppl ies)  f o r  the 
FDM system a r e  located in more than 25,000 
telephone of f ices  which a r e  known as  Central 
Offices,2,000 of which a r e  designated as  Toll 
Offices.  These Toll Offices require  c a r r i e r  
supplies f o r  the  FDM system 

In t h e  hierarchy of the old system, the 
next level below the  p i l o t  tones was known 
as  the  Office Master. These locat ions a r e  
a1 so known as  Primary Frequency Supplies 
(PFS). 
o s c i l l a t o r  (ac tua l ly  two quartz  o s c i l l a t o r s )  
which cos ts  about $2500 per u n i t  and which 
has a free-running s t a b i l i t y  of about 

The PFS i s  a device based on a quartz  
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1 x l o m 8 /  day. I n  the o s c i l l a t o r  hierarchy, 
t h i s  second level i s  the  lowest level i n  
terms of qua l i ty  of o sc i l l a to r s  used; there  
a re  no l e s se r  qua l i ty  o s c i l l a t o r s  in  the  FDM 
system. However, i n  view of how the various 
Toll Offices a re  interconnected, i t  i s  
roughly cor rec t  t o  say tha t  there  a r e  f i v e  
leve ls  in t h i s  hierarchy, including the  
p i lo t  tone. The PFS's a re  phase-locked to-  
gether i n  groups of about four .  (Bell 
System policy i s  t o  t r y  and avoid cascading 
more than four PFS's i n  one chain.)  Thus, 
the f i r s t  PFS in the chain i s  phase-locked 
to  the p i lo t  tone, the second PFS i s  phase- 
locked t o  the f i r s t ,  and so on. 
locking procedure was a basic d i f f i c u l t y  
with the  old frequency equal izat ion system 
because t rans ien ts  i n  the  system (usual ly  
due to  rout ine system t e s t ing )  tended t o  
break the  lock. The fu r the r  down a chain a 
given PFS was located the more suscept ib le  
i t  was t o  these t rans ien ts .  Apparently, the  
disturbance was so bad tha t  a t  times, 
f r ac t iona l  deviat ians  in frequency as large 
as 1 x 10 occurred. 

The second level of the hierarchy of the 
new frequency equalization system i s  the 
JFS mentioned above, the f i r s t  level being 
the cesium beam o s c i l l a t o r s .  Unlike the  old 
system, t h i s  second level wil l  n o t  be phase- 
locked to  the p i l o t  tones. The JFS's will 
instead be pseudo frequency-locked i n  such a 
manner t h a t  they a r e  o f f s e t  from the  p i l o t  
tones by 1 x 10-10. I n  the  old system, 
t rans ien ts  occurred in the  p i l o t  tones, 
whereas the  new system should have l e s s  
t rouble  with "phase h i t s " .  
of the new system wil l  be more s t ab le  in 
long-term and t h i s  should prove helpful .  
The r e s t  of the new system, as or ig ina l ly  
planned, will be phase-locked as before. 
Here, a JFS w i l l  be the i n i t i a l  source i n  
the  chain o f  phase-locked o s c i l l a t o r s .  

Some within the Bell System feel  t ha t  t h i s  
new frequency equal izat ion f a c i l i t y  wil l  s t i l l  
not adequately solve the "phase h i t "  problem. 
Thus, some consideration i s  being given to  
fu r the r  breaking u p  the  phase-locked chains.  
By introducing an o s c i l l a t o r  which i s  s_uffi- 
c i en t ly  s t a b l e  in long-term, say 1 x 10 l o  
for  periods of a week or longer, a pseudo 
frequency-lock could be subs t i tu ted  f o r  one 
of the  phase-locks. 

A f i na l  point: i t  may be tha t  i t  i s  now 
economic t o  subs t i t u t e  low-cost atomic osc i l -  
l a t o r s  in  the  FDM system f o r  part of the 
quartz o s c i l l a t o r s  i n  order t o  fur ther  break 
up  the present phase locking. A n  atomic 

This phase- 

The p i l o t  tones 

o s c i l l a t o r  which could be sold f o r  no more 
than $2000 would probably be qu i t e  proper 
from a cost-benefi t  viewpoint. 
these o s c i l l a t o r s  might be required? 

The present policy of the telephone i n -  
dustry i s  t o  t r y  and avoid cascading more 
than four  o s c i l l a t o r s  i n t o  a s ing le  chain. 
I f ,  on average, there  a r e  four o s c i l l a t o r s  
per chain,  then there  would be about 500 
chains i n  the to t a l  system. I f  the  lead 
s i t e  in each chain were atomic, then 500 
atomic o s c i l l a t o r  s i t e s  would be required.  
Since each s i t e  requi res  two osci 11 a to r s  , 
the  t o t a l  number of atomic o s c i l l a t o r s  would 
be 1,000. 

f a c i l i t y  f o r  the FDM network has the  follow- 
ing cha rac t e r i s t i c s :  
1 . )  

How many of 

In summary, the new frequency equal izat ion 

Frequency, accurate t o  about 1 x lo-" 
wil l  be avqi lable  t o  the telephone 
industry a t  about 50 places widely 
dispersed around the U .  S. 
A t  each of these s i t e s ,  frequency t h a t  
i s  usually accurate t o  about 1 x lo-'' 
wi l l  be dispersed t o  about 15 chains 
of phase-locked o s c i l l a t o r s .  
The frequency accuracy ava i lab le  from 
these o s c i l l a t o r s  i s  d i f f i c u l t  t o  pre- 
d i c t .  I t  can be sa id ,  however, t h a t  
i t  tends t o  degrade, the lower a par- 
t i c u l a r  o s c i l l a t o r  happens t o  be in  a 
chain. 

4. )  The lowest f rac t iona l  accuracy t h a t  
can be to le ra ted  i n  the  FDM system i s  
about 2 x and a t  cer ta in  leve ls  
of the multiplexing hierarchy i t  must 
be a t  l e a s t  as  good as 3 x lo-'. ( I  
use the word accuracy ra ther  than pre- 
c i s ion  t o  emphasize t h a t  the p i l o t  
tones a re  based on a cesium beam os- 
c i  1 l a to r .  ) 
I t  seems t h a t  i t  would be cost  bene- 
f i c i a l  t o  introduce about 1,000 atomic 
o s c i l l a t o r s  i n to  the system t o  
fu r the r  a l l e v i a t e  the "phase h i t "  
problem. 
c i l l a t o r s  could probably cos t  no more 
than $2000 each. 

Systems 

2 . )  

3.) 

5.) 

To be economic, these os- 

2.5.2.4 Two Electronic Posit ion Location 

2.5.2.4.1 A Loran-C System 

In sect ion 2.5.2.5 I discuss c e l e s t i a l  
navigation as a means of locat ing posi t ion.  
I t  i s  pointed out t ha t  there  a r e  e lec t ronic  
means of posi t ion locat ion tha t  a r e  much 
more accurate ,  a l b e i t  much more expensive. 
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This  section discusses two such systems and 
t h e i r  requirements f o r  time and frequency. 
There a r e  several other  versions of e lec-  
t ron ic  navigation systems; however, the 
two spec i f ic  examples described here reveal 
the  pr inciples  upon which any such system i s  
based. 

The f i r s t  method uses the Loran-C naviga- 
t ion  network operated by the U .  S. Coast 
Guard. T h i s  system cons is t s  of about 35 
t ransmi t te rs  located i n  eight geographical 
areas:  U. S. East Coast, Mediterranean, 
Norwegian Sea, North At lan t ic ,  North Pac i f ic ,  
Central Pacif ic ,  Northwest Pac i f ic ,  and 
Southeast Asia. T h u s ,  although the avai l -  
a b i l i t y  of the system i s  l imited t o  these 
general geographical areas ,  there  i s  suf- 
f i c i e n t  coverage t h a t  the system i s  of 
grea t  u t i  1 i ty  . 
tems of t h i s  type, the s igna ls  received 
from the t ransmit ters  must, primarily,  be 
due t o  the ground wave. 
system, whose t ransmit ters  operate a t  a 
c a r r i e r  frequency of 100 kHz. 
begins t o  ser ious ly  i n t e r f e r e  w i t h  the 
ground wave f o r  distances beyond about 
1000 miles from the  t ransmit ter .  This 
system and others  of i t s  type, such as  
Omega, a r e  based on two f a c t s :  f i r s t ,  a l l  
of the t ransmit ters  broadcast w i t h  nearly 
equal phase, and second, the geographical 
locat ion of each t ransmit ter  i s  accurately 
known. With Loran-Cy as  with a l l  elec- 
t ron ic  navigation systems, the  s i t e  a t  which 
posi t ion i s  t o  be determined must have a 
proper radio receiver  and have o r  have 
access to ,  e lec t ronic  computation equipment. 

The spec i f ic  system under discussion i s  
known as  a rho-rho-rho system, meaning t h a t  
the  absolute dis tance from the receiving s i t e  
t o  each of three t ransmi t te rs  i s  measured. 
Imagine f o r  the  moment t h a t  only two t rans-  
mitters a r e  used. Around each of the t rans-  
m i t t e r s ,  circumscribe a c i r c l e ,  the radius 
of which i s  equal t o  the corresponding meas- 
ured dis tance;  
where the  two c i r c l e s  a r e  tangent t o  one an- 
other ,  they wil l  i n t e r s e c t  a t  two points .  
The posit ion of the receiving s i t e  is  located 
a t  one of these two in te rsec t ions .  Even a 
very rough idea of where the  receiving s i t e  
i s  w i t h  respect  to  the t ransmit ters  wil l  
usually s u f f i c e  to  determine a t  which of the 
two in te rsec t ions  the receiver  is. located.  
The radio equipment a t  t h e  receiving s i t e  i s  
used - i n  conjunction w i t h  the  f a c t  t h a t  the  
t ransmit ters  a r e  broadcasting in phase - t o  
determine the  needed dis tances .  This appl i -  
cat ion of the Loran-C system i s  not the 
usual one. Normally i t  i s  only the  d i f f e r -  
ence i n  time of a r r iva l  of t h e  two s igna ls  
which i s  measured. T h e  system under d i s -  

For precise  posit ion location w i t h  sys- 

For the  Loran-C 

The  sky wave 

except f o r  the special  case 

cussion ac tua l ly  uses more information be- 
cause, knowing the  t o t a l  propagation time of 
each s igna l ,  the  user a l s o  could ca lcu la te  
the  difference i n  time of a r r i v a l .  

equipment i s  a very stab1 e frequency standard 
operating as a clock, the purpose of which i s  
t o  measure the time delay between the  time 
of broadcast of a par t icu lar  signal and i t s  
reception a t  the  receiving s i te .  To do this 
i t  must not only be operating a t  the same 
frequency as  t h a t  of the t ransmi t te rs ,  i t  
must a l so  be i n  phase with them. 

With t h i s  information we can now examine 
the  performance and T&F requirements of t h i s  
spec i f ic  rho-rho-rho system. I f  the clocks 
a t  the  receiving s i t e  and a l l  the t rans-  
mitters were exact ly  equal i n  frequency and 
phase, and there  were no e l e c t r i c a l  noise,  
then a rho-rho system (only two t ransmi t te rs )  
would provide a l l  the  posit ion accuracy re-  
quired.  None of these condi t ions,  however, 
i s  t rue .  
probably t h a t  of the clock a t  the  receiving 
s i te .  As a par t ia l  and important compensa- 
t ion  f o r  r e a l - l i f e  def ic ienc ies ,  a t h i r d  
t ransmit ter  i s  used, providing a measure of 
redundancy which makes the  1 imitat ions l e s s  
severe. 

To provide good clock performance a t  the 
receiving s i t e ,  a cesium beam frequency 
standard i s  used. 
a l s o  based on cesium standards a t  each t rans-  
m i t t e r . )  Expressed i n  terms of time, these 
t ransmit ters  a re  kept i n  phase t o  about 
0.1 ps .  J u s t  from the  point of view of the 
t ransmit ters  t h i s  corresponds t o  a dis tance 
measuring accuracy of about 100 f e e t .  

Consider now the l imi ta t ions  of the per- 
formance of t h i s  Loran-C system imposed by 
t h e  imperfections of the  clock a t  the re-  
ceiving s i t e .  Knowledge of cesium beam per- 
formance permits a general comment: commer- 
c ia l  cesium beams have an accuracy of about 
1 x lo-” .  Assume t h a t  t h i s  i s ,  in  f a c t ,  
t h e  frequency difference.  I f  the receiving 
clock were s e t  exactly i n  phase w i t h  a t rans-  
mi t te r  a t  a given time then i t  would be out 
of phase by 0.1 ps  some two and one-half 
hours l a t e r .  The e r r o r  due to  the receiving 
clock would be e s s e n t i a l l y  equal to  t h a t  due 
t o  the  small phase inequal i ty  of the t rans-  
mi t te rs .  I f  the frequencies could be equal- 
l i zed  to  1 x then the elapsed time to 
accumulate a 0 . 1 ~ s  e r r o r  would be one day. 

The  manufacturer of t h i s  system claims 
t h a t  the diameter of the c i r c l e  of probable 
e r r o r  i s  about 65 meters (200 f t . ) .  Accura- 
c i e s  of t h i s  magnitude a r e  apparently q u i t e  
useful b u t  other information a t  our disposal 
indicates  t h a t  a reduction o f  the  c i r c l e  o f  
probable e r r o r  to  about ten meters would be 
des i rab le .  The to ta l  c o s t  per receiving 

One of t h e  components of the receiving 

The biggest  common deficiency i s  

(The Loran-C network i s  
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s i t e  f o r  t h i s  p a r t i c u l a r  system i s  c u r r e n t l y  
about $50 , 000. 

2.5.2.4.2 The TRANSIT S a t e l l i t e  System 

The TRANSIT system i s  a group o f  t h r e e  
s a t e l l i t e s  which o r b i t  t h e  e a r t h  about  once 
every  90 minu tes .  It belongs t o  t h e  U. S.  
Navy and i s  operated, under c o n t r a c t ,  by  t h e  
Johns Hopkins U n i v e r s i t y .  (Th i s  i s  p a r t  o f  
t h e  t o t a l  m i l i t a r y  t ime  and n a v i g a t i o n  sys- 
tem ment ioned i n  o t h e r  sec t i ons  o f  t h i s  
r e p o r t  c a l l  ed t h e  Defense Sate1 1 i t e  Communi - 
c a t i o n  System and i s  a v a i l a b l e  t o  c i v i l i a n  
as w e l l  as m i l i t a r y  users.)  

The TRANSIT method i s  based on t h e  
Doppler e f f e c t ,  t he  well-known exper ience 
t h a t  t h e  f requency  o f  a cons tan t  f requency 
source appears t o  change as t h e  source moves 
w i t h  r e s p e c t  t o  t h e  observer .  
tem t h e  s a t e l l i t e s  a r e  t h e  source of cons tan t  
f requency and - j u s t  as i n  t h e  Loran-C 
method - t h e  r e c e i v i n g  s i t e  must have a 
source o f  s t a b l e  f requency. 

The source  o f  f requency on t h e  s a t e l l i t e  
i s  a p r e c i s i o n  q u a r t z  o s c i l l a t o r  which may 
a t  f i r s t  seem s u r p r i s i n g ,  s i n c e  q u a r t z  os- 
c i l l a t o r s  a r e  s i g n i f i c a n t l y  u n s t a b l e  i n  long-  
term. Q u a r t z  does, however, have e x c e l l e n t  
sho r t - t e rm s t a b i l i t y  (see f i g .  3 )  and t h e  
o s c i l l a t o r  i s  k e p t  s t a b l e  i n  medium and 
long- te rm by be ing  s laved  t o  an atomic stand- 
a rd .  
w i t h i n  range o f  t h e  Johns Hopkins U n i v e r s i t y  
i t s  f requency  i s  checked w i t h  c o r r e c t i o n s  
made i f  i t  i s  o u t  o f  t o le rance .  The Johns 
Hopkins o s c i l l a t o r s  a r e  a l s o  c o n t r o l l e d ,  i n  
long- te rm by  t h e  cesium beam standards t h a t  
comprise t h e  t ime  s c a l e  o f  t h e  USNO. 

Each TRANSIT s a t e l l i t e  broadcasts a con- 
s t a n t  f requency and t h e  coo rd ina tes  o f  i t s  
p o s i t i o n  i n  o r b i t ,  which a r e  ve ry  w e l l  known'. 
A t  any g i ven  i n s t a n t ,  t h e  observed Doppler 
s h i f t  depends on t h e  angu lar  coo rd ina tes  o f  
t h e  s a t e l l i t e  w i t h  r e s p e c t  t o  t h e  observer .  
Thus, i t  has been p o s s i b l e  t o  compi le a ca ta-  
l o g  o f  computed Doppler data, o r  "Doppler 
curves," f o r  a network o f  p o i n t s  t h a t  covers 
t h e  e n t i r e  ear th .  Under s u i  t a b l e  cond i t i ons ,  
t i l e  system i s  a b l e  t o , l o c a t e  p o s i t i o n  t o -  ' 

w i t h i n  t h r e e  t o  f i v e  meters.  

t h r e e  p ieces  o f  i n f o r m a t i o n  t o  t h e  computer: 
1 . )  t h e  observed Doppler curve  as t h e  
s a t e l l i t e  passes w i t h i n  range o f  recep t ion ;  
2.) da ta  on t h e  s a t e l l i t e  p o s i t i o n  as broad- 
c a s t  by t h e  s a t e l l i t e ;  
es t ima te  o f  t h e  obse rve r ' s  own p o s i t i o n .  The 
computer then beg ins  a s e r i e s  o f  i t e r a t i v e  
c a l c u l a t i o n s .  
see what t h e  observed Doppler cu rve  would be 

I n  t h i s  sys- 

Every t ime  a TRANSIT s a t e l l i t e  passes 

TO o b t a i n  h i s  p o s i t i o n ,  t h e  observer feeds 

and 3. )  a rough 

I t  " looks "  i n  i t s  c a t a l o g  t o  

i f  t h e  observer  i s ,  i n  f a c t ,  where he t h i n k s  
he i s .  
served Doppler cu rve  wi th  t h a t  i n  t h e  ca ta log .  
U s u a l l y  a f a i r l y  l a r g e  d isc repancy  e x i s t s ,  
and i f  i t  does, t h e  computer makes a new 
guess as t o  t h e  obse rve r ' s  a c t u a l  p o s i t i o n .  
The comparison i s  aga in  made w i t h  t h e  proce- 
dure  c o n t i n u i n g  u n t i l  t h e  d isc repancy  i s  r e -  
duced t o  an acceptab le  l e v e l .  
da ta  f rom a s i n g l e  pass of a s a t e l l i t e ,  pos- 
i t i o n  a t  sea can be determined t o  an accuracy 
o f  ,70 meters. 

S ince  t h e r e  a r e  t h r e e  TRANSIT sa te1  1 i tes  
and each o r b i t s  t h e  e a r t h  every  90 minutes,  
i t  i s  p o s s i b l e  t o  make about  30 observa t ions  
i n  a 15 hour pe r iod .  I f  t h e  p o s i t i o n  t o  be 
determined i s  on l a n d  and n o t  on sea, then 
each " f i x "  can be used t o  improve t h e  e s t i -  
mate. 
i t i o n  accuracy ( r a d i u s  o f  t h e  c i r c l e  o f  
p robab le  e r r o r )  o f  about  t h r e e  t o  f i v e  meters,  
and we a r e  t o l d  t h a t  t h i s  i s  q u i t e  adequate 
f o r  geophys ica l  purposes. 

quency, and n o t  phase d i f f e r e n c e s ,  t h e  r e -  
quirements f o r  t h e  r e c e i v i n g  o s c i l l a t o r  a r e  
d i f f e r e n t  than f o r  t h e  Loran-C system. What 
i s  r e q u i r e d  i s  an o s c i l l a t o r  t h a t  has good 
s h o r t  and medium-term s t a b i l i t y .  
te rm s t a b i l i t y  i s  = requ i red ,  so t h e  r e -  
c e i v i n g  s i t e  uses q u a r t z  o r  rub id ium,  and 
n o t  cesium o s c i l l a t o r s  (see f i g .  3 ) .  To be 
s p e c i f i c ,  t h e  t o t a l  obse rva t i on  t ime  f o r  a 
s i n g l e  pass o f  a s a t e l l i t e  ranges f rom s i x  
t o  18 minutes  depending on t h e  obse rve r ' s  
geograph ica l  l o c a t i o n ,  making t h e  averag ing  
t ime  ( t h e  T o f  f i g .  3 )  o f  i n t e r e s t  about  
t e n  minu tes  (600 seconds). 

An e s s e n t i a l  f e a t u r e  of t h e  system i s  t h e  
broadcas t  o f  t h e  s a t e l l i t e ' s  p o s i t i o n ,  
which must be known t o  a h i g h  accuracy a t  
any g i ven  t ime  ove r  an i n d e f i n i t e l y  l a r g e  
span o f  t ime.  Th is  i s  o n l y  p o s s i b l e  because 
t h e  o r b i t s  a r e  w e l l  known and because t h e  
USNO'has an e x c e l l e n t  a b i l i t y  t o  keep t ime.  

The t o t a l  
equipment cos t ,  f o r  j u s t  one r e c e i v i n g  s i t e ,  
i s  es t imated  a t  $50,000 which does n o t  
i n c l u d e  t h e  c o s t  o f  t h e  s a t e l l i t e s  o r  t h e  
necessary suppor t i ng  f a c i  1 i t i e s  such as t h e  
t ime  keeping system o f  t h e  USNO. 

2.5.2.5 The Use o f  Date by  t h e  Sh ipp ing  and 
Boa t ing  I n d u s t r y  

To determine p o s i t i o n  a t  sea by  c e l e s t i a l  
nav iga t i on ,  t h e  n a v i g a t o r  needs t o  know h i s  
angu lar  p o s i t i o n  w i t h  respec t  t o  one o r  more 
prominent c e l e s t i a l  bodies.  He a l s o  needs 
t o  know t h e  dQte [14]. 

The t r a d i t i o n a l  answer as t o  what accu- 

Next i t  compares t h e  a c t u a l l y  ob- 

' 

Using t h e  

T h i r t y  observa t ions  w i l l  y i e l d  a pos- 

S ince  t h e  da ta  taken i s  o f  changes i n  f r e -  

Good long-  

The system i s  q u i t e  expensive. 
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In ot6er  words, the  inaccuracies of the usual 
sextant  reading predominate over t h e  e r rors  
i n  date .  This means t h a t  an e r r o r  i n  date  by 
two o r  three seconds would, usually,  not 
s i g n i f i c a n t l y  degrade the f i x .  

Celest ia l  navigation i s  an appl icat ion 
t h a t  needs date: just time-of-day w o n ' t  do. 
I f  a navigator i s  mistaken i n  what day i t  is  
by one day, ne wil l  be incor rec t  i n  his ca l -  
culat ions by approximately four  minutes, o r  
a posi t ion error of the order of 70 miles. I 
was to ld  t h a t  standard time broadcasts a r e  
used, almost without exception, t o  obtain 
date .  Clocks or watches a r e ,  of course, 
a1 so car r ied .  

The commercial vessels t h a t  navigate the 
open sea a r e  a very important par t  of our 
economy although they represent  only a t iny  
f r a c t i o n  of the  to ta l  number of vessels  i n  
t h i s  country. 
5.9 mil l ion regis tered vessels  i n  this 
country of which about  157,000 were la rge  
enough t o  be safe ly  taken i n t o  the open sea.  
Only a very small f r a c t i o n  of the  t o t a l  
navigate the open sea on a regular  bas i s .  I 
es t imate  the  number of ships and boats t h a t  
commonly need to  determine their posit ion i n  
the open sea to  be 4,000 as aminimum and 
50,000 as amaximum, including mi l i ta ry  
vessels .  
thousand of these a r e  commercial vessels  
(owner-operated f o r  a p r o f i t ) .  

Open sea navigation appears t o  be i n  a 
t rans i t iona l  phase between c e l e s t i a l  naviga- 
t ion  and e lec t ronic  navigation as  the  pre- 
dominant means o f y o s i t i o n  locat ion.  The 
commercially ava i lab le  e lec t ronic  means a r e  
Loran A and C y  Omega, and the  TRANSIT s a t e l -  
l i t e s .  

Evidently, almost a l l  commercial operators 
own Loran A o r  C equipment o r  both. Probably 
50% of the ocean-going yachts carry Loran 
and/or Omega equipment. There have been 
about 4000 non-military Omega receivers  sold.  
I estimate there  a r e  a t  l e a s t  40 regular  
users of the  TRANSIT s a t e l l i t e  service.  

Despite the  la rge  amount of e lec t ronic  
navigation equipment t h a t  has been sold,  I 
would guess t h a t  a t  l e a s t  half  of the naviga- 
to rs  (non-mili tary) use c e l e s t i a l  navigation 
as t h e i r  f i r s t - l i n e  posit ion locat ion method. 
Nevertheless, I predict  t h a t  by 1980, e lec-  
t ron ic  systems wil l  be the f i r s t - l i n e  method 
used by the majority of open sea navigators.  

In 1972, there  were about 

Probably not more than one to  two 

racy o f  date i s  needed i s  0.5  seconds. 
e r r o r  of one second i n  knowing date  i s  equiv- 
a l e n t  a t  the equator,  t o  about 0.32 miles in 
posi t ion.)  B u t ,  the  experience of the U. S. 
Navy i s  t h a t  - even w i t h  date  accurate  t o  
one second or better - the accuracy of the 
averaae c e l e s t i a l  f i x  i s  only about s i x  miles. 

(An 
3. IMPACT, STATUS AND TRENDS OF 

MEASUREMENT SYSTEM 

3.1 Impact of Measurements 

3.1.1 Functional, Technological and scien-  
t i f i c  Applications 

I shal l  r e i t e r a t e  the  three  basic functions 
of a time standard given i n  sect ion 2: 1 . )  t o  
s e t  a r a t e ;  2 . )  t o  es tab l i sh  a time s c a l e  
f o r  purposes of time-i nterval and simul tane- 
i t y ;  and 3 . )  t o  r e l a t e  distance t o  time. 
Section 2.5.1.2.2 generalizes about the  T&F 
Flow Matrix and s t a t e s  the three  most common 
functions t h a t  T&F performs f o r  the major 
end users: 1 . )  communications; 2 . )  pos- 
i t ion-locat ion;  and 3 . )  coordination. 
Specif ic  appl icat ions of T&F may be found i n  
sect ions 2.5.1.2.1 and 2.5.2. The  following 
i s  a more de ta i led  elaboration: 

Local o s c i l l a t o r s  i n  TV sets (including 
channel t u n i n g )  
Rate and time-interval , and i n i t i a t i o n  
and termination of events i n  data proc- 
essing 
Controlling the dura t ion  of physical 
and chemical processes 
Transfer of accurate frequency t o  os- 
c i l l a t o r  manufacturers 
Labeling geophysical events 
Automatic turn-on/turn-off of appliances 
Timing therapeut ic  and  observational 
procedures f o r  health care  
B i  11 i ng f o r  telephone usage 
Labeling the  time of occurence of 
important comnunications 
Aircraf t  c o l l i s i o n  avoidance (a poten- 
t i a l  appl icat ion f o r  a precisely 
synchronized network of clocks) 

The very great  precision and accuracy of 
T&F standards give them a prominent posit ion 
in both science and basic metrology. A 
s c i e n t i f i c  appl icat ion i s  one where there  i s  
no obvious technological benefi t  b u t  where 
the  s t a t e  of knowledge about nature i s  i n -  
creased. 
appl icat ion t h a t  m i g h t  a1 ter the foundations 
of the measurement system and/or a l t e r  the  
present p r i m a r y  standards.  
i n t e r v a l ,  the second, has a strong re la t ion-  
ship t o  two other  physical un i t s ,  namely, 
length and voltage.  

The measurement of frequency and wave- 
length of c e r t a i n  s t a b i l i z e d  infrared l a s e r s  

Basic metrology i s  a technical 

The u n i t  of time- 
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has progressed t o  t h e  p o i n t  t h a t  i t  i s  now 
f e a s i b l e  t o  d e r i v e  t h e  u n i t  o f  l e n g t h  f rom 
t h e  frequency u n i t .  
us ing  t h e  p resen t  ( o r  b e t t e r )  f requency and 
wavelength knowledge t o  d e f i n e  a va lue  f o r  
t h e  speed o f  l i g h t  (a  va lue  which would a l s o  
be c o n s i s t e n t  w i t h  t h e  p resen t  accepted 
va lue ) .  Thus, i n s t e a d  o f  two standards,  one 
each f o r  f requency  and leng th ,  t h e r e  would 
be o n l y  a f requency s tandard  and t h e  u n i t  o f  
l e n g t h  would be based on i t  [15, 161. Gen- 
e r a l l y  speaking, f requency measurements a r e  
be ing  pushed t o  h i g h e r  p o r t i o n s  o f  t h e  f r e -  
quency spectrum 
where t h e  sources had been c h a r a c t e r i z e d  by 
wavelength measurements o n l y .  It i s  t h e  r e -  
c e n t  presence o f  f r e q u e n c y - s t a b i l i z e d  l a s e r s  
i n  t h i s  r e g i o n  t h a t  makes such frequency 
measurements mean ing fu l .  

Frequency' i s  r e l a t e d  t o  v o l t a g e  v i a  t h e  
Josephson e f f e c t .  The d e t a i l s  o f  t h e  r e l a -  
t i o n s h i p  have been s u f f i c i e n t l y  worked o u t  
so t h a t  i n  some coun t r i es ,  i n c l u d i n g  t h e  
U. S., t h e  work ing  s tandard  f o r  d.c. v o l t a g e  
i s  t h e  Josephson j u n c t i o n  [18]. 

The p resen t  exper imenta l  r e l a t i o n s h i p  
between frequency and t h e  two quan t i  t i e s  
temperature and mass, i s  n o t  as s t rong  as 
f o r  l e n g t h  and vo l tage .  Nevertheless,  t h e  
p o t e n t i a l  importance t o  bas i c  met ro logy  i s  
s u f f i c i e n t l y  s t r o n g  t o  deserve ment ion.  
has a1 ready been p o s s i b l e  t o  use t h e  
Josephson j u n c t i o n  as a t ransducer  between 
temperature and frequency [19]. C e r t a i n  
exper iments i n  x - ray  spectroscopy rldve SUg- 
ges ted  t h e  p o s s i b i l i t y  o f  d e f i n i n g  t h e  u n i t  
o f  mass i n  terms o f  t h e  u n i t  o f  l e n g t h  
I f  t h i s  shou ld  p rove poss ib le ,  then t h e  
r e l a t i o n s h i p  between l e n g t h  and f requency  
would a l l o w  mass t o  be de f ined i n  terms o f  
f requency. Taken a l l - i n - a l l ,  t h e r e  i s  a 
r e a l  p o s s i b i l i t y  f o r  a r e d u c t i o n  i n  t h e  t o t a l  
number o f  independent p r imary  standards nec- 
essary t o  fo rm a r e a l i z a t i o n  o f  t h e  bas i c  
phys i ca l  u n i t s .  

c e r t a i n  cesium t r a n s i t i o n  and the  r e l a t i o n -  
s h i p  between frequency and wavelength ( t h e  
speed of l i g h t )  express some fundamental 
cons tanc ies  o f  na ture ,  namely, t h e  equ iva lence 
o f  atoms o f  a g i v e n  species and t h e  apparent 
constancy o f  t h e  speed o f  l i g h t .  The s tudy  
o f  t h e  c l o c k  t r a n s i t i o n  i n  hydrogen' i s  an- 
o t h e r  c a r e f u l  t e s t  o f  t h e  equ iva lence o f  
atoms o f  a c e r t a i n  species.  
speaking, t h e  whole f i e l d  o f  spectroscopy, 
which i s  h i g h l y  dependent on frequency stand- 
ards,  i s  a s tudy  o f  t h e  s t r u c t u r e  and s t a b i l -  

Th i s  can be done by 

[17]. These a r e  f requenc ies  

I t  

[ZO] .  

The d e f i n i t i o n  o f  t h e  second i n  terms o f  a 

Genera l l y  

'An a tomic  o r  mo lecu la r  t r a n s i t i o n  used f o r  
a t ime  s tandard  i s  o f ten  known as a c l o c k  
t r a n s i t i o n .  

i t y  of atoms and molecules and o f  t h e i r  
i n t e r a c t i o n s  w i t h  t h e i r  sur round ings .  

ments, which r e q u i r e  v e r y  s t a b l e  f requency 
standards,  y i e l d  impor tan t  i n f o r m a t i o n  about  
bo th  t h e  e a r t h  and i t s  c e l e s t i a l  surround- 
i ngs .  These measurements can be used t o  
a c c u r a t e l y  determine t h e  p o s i t i o n  o f  spec i -  
f i e d  p o i n t s  on t h e  su r face  o f  t h e  ea r th ,  thus  
d e t e c t i n g  c r u s t a l  mot ions which may have an 
impor tan t  bea r ing  on earthquake p r e d i c t i o n  

a r e  two p r e d i c t e d  e f f e c t s  t h a t  have a d i r e c t  
bea r ing  on t ime  standards.  The Spec ia l  
Theory o f  R e l a t i v i t y  s t a t e s  t h a t  two c locks ,  
runn ing  a t  i d e n t i c a l  r a t e s  when a t  r e s t ,  w i l l  
d i s p l a y  d i f f e r e n t  amounts o f  e lapsed t ime  
when i n  r e l a t i v e  mot ion  w i t h  respec t  t o  each 
o t h e r .  The General Theory o f  R e l a t i v i t y  p re-  
d i c t s  t h a t  two c locks ,  runn ing  a t  i d e n t i c a l  
r a t e s  when s i t t i n g  s ide-by-side, w i l l  r u n  a t  
d i f f e r e n t  r a t e s  when they  a r e  a t  d i f f e r e n t  
g r a v a t i o n a l  p o t e n t i a l s .  Using atomic t ime  
standards,  a rough v e r i f i c a t i o n  o f  b o t h  o f  
these e f f e c t s  has been ob ta ined  [22, 231. 
Both  e f f e c t s  a r e  so smal l  t h a t  a s i g n i f i c a n t -  
l y  improved t e s t  r e q u i r e s  e i t h e r  a ma jo r  
improvement i n  the  t ime standards used o r  a 
change i n  t h e  na tu re  o f  t h e  exper iment.  An- 
o t h e r  exper iment,  scheduled t o  be performed 
i n  1975, w i l l  t e s t  t h e  g r a v i t a t i o n a l  e f f e c t  
us ing  a hydrogen maser on board a r o c k e t .  
Th i s  shou ld  p rov ide  a t e s t  o f  t h e  p r e d i c t e d  
e f f e c t  t o  a f r a c t i o n a l  accuracy o f  about  
1 x [24]. The accuracy o f  t h e  p resen t  
t e s t  i s  about  1 x An exper iment under 
c o n s i d e r a t i o n  would use one o f  t h e  two NBS 
p r imary  standards ( t h e  second b e s t )  on board 
an o r b i t i n g  space v e h i c l e  t o  t e s t  t h e  pre-  
d i c t e d  e f f e c t  o f  r e l a t i v e  mot ion  ( t i m e  d i l a -  
t a t i o n )  t o  an accuracy o f  about 1 x l o - '  o f  
t h e  p r e d i c t e d  magnitude. The p resen t  accu- 
r a c y  i s  about 1 x lo- '  

3.1.2 Economic Impacts - Costs and B e n e f i t s  

To e s t a b l i s h  t h e  va lue  o f  a p a r t i c u l a r  
i n s t i t u t i o n  o r  technology, i t  i s  tempt ing  t o  
ask what s o c i e t y  would be l i k e  w i t h o u t  t h a t  
i n s t i t u t i o n  o r  technology. For  ma jor  i n s t i -  
t u t i o n s  such as t h e  telephone i n d u s t r y ,  o r  
techno log ies  such as T&F, such a ques t i on  i s  
meaningless.  I t  i s  i nconce ivab le  t o  t h i n k  
o f  comple te ly  e l i m i n a t i n g  the  functions per -  
formed by them. There a r e  always a l t e r n a -  
t i v e s .  
groups o f  people and always o t h e r  ins t ruments  
o r  c o n f i g u r a t i o n s  o f  ins t ruments  t o  per fo rm 
t h e  o r i g i n a l  f u n c t i o n .  The f u n c t i o n s  may n o t  
be performed i d e n t i c a l l y ,  cos ts  may vary,  
and cos ts  versus b e n e f i t s  may be b e t t e r  o r  

Very -Long-Base l ine- In te r fe romet ry  measure- 

[211 
I n  E i n s t e i n ' s  Theor ies o f  R e l a t i v i t y  t h e r e  

[22].  

There a r e  always o t h e r  people o r  
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worse. 
The ques t i on  i s  o f t e n  asked, "Are you 

spending you r  resources  o p t i m a l l y ? "  Th is  i s  
an exceed ing ly  d i f f i c u l t  ques t i on  t o  answer. 
It has two aspects.  The f i r s t  i s  t o  d e f i n e  
t h e  cos ts  and b e n e f i t s  assoc ia ted  w i t h  t h e  
present  a l l o c a t i o n  o f  resources. The second 
i s  t o  compare t h e  present  c o s t - b e n e f i t  
s i t u a t i o n  w i t h  t h a t  o f  p o s s i b l e  a l t e r n a t i v e s .  

I t  may o f t e n  be p o s s i b l e  t o  s p e c i f y  the  
d o l l a r  costs o f  a g i ven  T&F d e l i v e r y  system. 
I t  i s  u s u a l l y  more d i f f i c u l t  t o  g e t  agree- 
ment on q u a n t i f y i n g  t h e  benef i ts  o f  a g i v e n  
system. U s u a l l y  t he  c o s t - b e n e f i t  s i t u a t i o n  
f o r  a l t e r n a t i v e s  i s  even l e s s  w e l l  known. 
O f ten  t h i s  i s  because nobodv has t r i e d  t h e  

mined cos ts  and b e n e f i t s  f o r  b o t h  the  present  
a l l o c a t i o n  o f  resources  and a l t e r n a t i v e s  he 
i s  n o t  a b l e  t o  say whether t h e  p resen t  a l l o -  
c a t i o n  i s  optimum. 

I t  i s  presumptious f o r  me t o  t r y  t o  t a l k  
about whether resource  a l l o c a t i o n  i n  t h e  
Na t iona l  Measurement System f o r  Time and 
Frequency - as a whole - i s  optimum, o r  even 
t o  t r y  t o  d e f i n e  cos ts  and b e n e f i t s  f o r  t h e  
present  system. I w i l l  n o t  a t tempt  e i t h e r  o f  
these th ings .  The Flow M a t r i x  o f  s e c t i o n  
2.5.1 i n d i c a t e s  t h e  major  users o f  T&F and 
g i v e s  some i n d i c a t i o n  o f  T&F's importance 
t o  t h e i r  internal f u n c t i o n i n g .  Some ve ry  
s u b j e c t i v e  judgments a r e  r e q u i r e d  t o  assess 
t h e  s o c i a l  va lue  o f  t h e  o u t p u t  of t h e  major  
users; even more d i f f i c u l t  would be a t tempts  
t o  a t t r i b u t e  a d e f i n i t e  p r o p o r t i o n  o f  t h a t  
va lue  t o  t h e  T&F i n p u t .  

I w i l l  i n s t e a d  devote t h e  r e s t  o f  t h i s  
s e c t i o n  t o  p r o v i d i n g  t h e  reader  w i t h  a gen- 
e r a l  f e e l i n g  t h a t  T&F i s  economica l l y  impor- 
t a n t .  I w i l l  a t t empt  t h i s  by do ing  two 
th ings .  F i r s t ,  f o r  some major  i n s t i t u t i o n s  
t h a t  a r e  known t o  make l a r g e  use o f  T&F, 
t h e i r  t o t a l  c a p i t a l  investment and y e a r l y  
revenue w i l l  be c i t e d .  Second, I w i l l  g i v e  
some examples o f  how much i t  cos ts  c e r t a i n  
i n s t i t u t i o n s  t o  o b t a i n  a g i ven  t ime  o r  f r e -  
quency se rv i ce .  With rega rd  t o  t h i s  second 
cons ide ra t i on ,  presume t h a t  t h e  d o l l a r  va lue  
o f  t h e  b e n e f i t  o f  a g i ven  s e r v i c e  i s  a t  
l e a s t  as l a r g e  as t h e  c o s t .  Th i s  then e s t -  
ab l i shes  a minimum va lue  f o r  t h e  b e n e f i t s  o f  
- t h a t  s e r v i c e  t o  that i n s t i t u t i o n .  

General Cap i ta l  Investment and Revenue 

I n  1973, t h e  t o t a l  c a p i t a l  inves tment  o f  
t h e  te lephone and te leg raph  i n d u s t r y  was 
rough ly  $100 b i l l i o n  and t h e  revenue was 
around $27 b i l l i o n  [25]. O f  t h i s  $27 
b i l l i o n  about  $9 b i l l i o n  came f rom long-  
d i s t a n c e  c a l l s  [26]. 

For t h e  av ia t ion-aerospace i n d u s t r y ,  t h e  

a l t e r n a t i v e  svstem. U n t i l  a person has d e t e r -  
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t h e  p resen t  i nves tmen t  i n  j u s t  e l e c t r o n i c  
systems ( a i r b o r n e  and suppor t i ng )  i s  approx- 
i m a t e l y  $28.5 b i l l i o n .  L a s t  y e a r ' s  revenue 
f o r  j u s t  t he  commercial a v i a t i o n  p a r t  o f  t h e  
i n d u s t r y  was about $12 b i l l i o n  

I n  1970, the  c a p i t a l  inves tment  o f  t he  
U .  S .  e l e c t r i c  power i n d u s t r y  was approx- 
i m a t e l y  $93 b i l l i o n  w i t h  revenue o f  $22 
b i l l i o n  [28]. 

[27]. 

For  the-commercial sh ipp ing  i n d u s t r y  i n  
1971, t h e  va lue  o f  U. S.  cargo sh ips  was 
around $10 b i l l i o n .  The t o t a l  va lue  o f  t h e  
goods shipped t o  and from t h e  U .  S .  was $51 
b i l l i o n  [29]. 

T&F Costs 

The NCSL standards l a b o r a t o r i e s  responding 
t o  ou r  ques t i onna i re  es t imated  a t o t a l  cap i -  
t a l  inves tment  i n  T&F equipment o f  $3.5 
m i l l i o n .  The t o t a l  y e a r l y  ope ra t i ons  cos ts  
were es t imated  t o  range between $540 thousand 
and $940 thousand [ll]. Using t e n  years  f o r  
t o t a l  dep rec ia t i on ,  I es t ima te  t h e  t o t a l  
y e a r l y  T&F cos ts  f o r  these l a b o r a t o r i e s  t o  
be $1.1 m i l l i o n .  

revenue and c a l l  volume r e s p e c t i v e l y  t o  be 
$18 b i l l i o n  and 180 b i l l i o n ,  one can d e r i v e  
t h e  y e a r l y  c o s t  t o  t h e  p u b l i c  t o  o b t a i n  t h e  
t ime-of-day [25, 261. From these numbers, 
t h e  average c o s t  per  l o c a l  c a l l  i s  about  
$0.10. For  2 b i l l i o n  TOD c a l l s  per  year  t h e  
t o t a l  c o s t  would then be around $200 m i l l i o n .  
(See sec. 2.5.2.2.) Since a TOD c a l l  i s  o f  
b r i e f  du ra t i on ,  a more conserva t i ve  es t ima te  
would be t h e  c o s t  o f  one message u n i t  
( c u r r e n t l y  about $0.05 where t h i s  system o f  
charg ing  i s  used) t imes t h e  number o f  c a l l s .  
Th i s  g i ves  an approx imat ion  o f  $100 m i l l i o n  
per  yea r .  

I have made an es t ima te  f o r  t h e  t o t a l  T&F 
equipment c o s t  f o r  t h e  new frequency equal-  
i z a t i o n  network f o r  t h e  FDM system o f  t h e  
te lephone i n d u s t r y .  Using t h e  n o t a t i o n  i n  
s e c t i o n  2.5.2.3, w i t h  rough ly  $0.06 m i l l i o n  
f o r  t h e  cesium atomic o s c i l l a t o r  f a c i l i t y ,  
$2.1 m i l l i o n  f o r  t h e  JFS s i t e s ,  and $5.0 
m i l l i o n  f o r  t h e  PFS s i t e s ,  t he  t o t a l  i s  
rough ly  $7 m i l l i o n .  

I n  t h e  a v i  a t i  on-aerospace i n d u s t r y ,  t h e  
t o t a l  amount o f  c a p i t a l  equipment d i r e c t l y  
a t t r i b u t a b l e  t o  T&F i s  approx imate ly  $3.4 
b i l l i o n .  The annual expense f o r  maintenance 
o f  t h i s  equipment, i n c l u d i n g  c a l i b r a t i o n ,  i s  
about $63 m i l l i o n  r271. 

Es t ima t ing  the  annual l o c a l  te lephone c a l l  

rot- t h e  commerciai sh ipp ing  i n d u s t r y  t h e r e  
a r e  t y p i c a l l y  t h r e e  types o f  equipment on 
board f o r  p o s i t i o n  l o c a t i o n :  two chronometers 
pe r  vessel  c o s t i n g  $2000, r e c e i v e r s  c o s t i n g  
$400, and e l e c t r o n i c  n a v i g a t i o n  equipment 
c o s t i n g  $6000. The t o t a l  expense per  vesse l  



would be approx imate ly  $8,400 i f  the re  a r e  
n e a r l y  1,000 commercial vessels  t h a t  per form 
open sea n a v i g a t i o n  [14], t h e  t o t a l  T&F 
equipment charge i s  about $8.4 m i l l i o n .  (See 
sec. 2.5.2.5.) 

Assuming t h a t  3,000 yachts  use c e l e s t i a l  
n a v i g a t i o n  equipment and 1,500 o f  these a l s o  
own e l e c t r o n i c  n a v i g a t i o n  equipment, a f i g -  
u re  o f  $6.5 m i l l i o n  may be assigned t o  t h e  
sea-going y a c h t i n g  community f o r  T&F equip- 
ment. 

I t  would be n i c e  t o  know whether t h e  U. S .  
i s  becoming, r e l a t i v e l y ,  more o r  l e s s  depend- 
e n t  on T&F. There a r e  some i n d i c a t i o n s  t h a t  
i t  i s  becoming more dependent. The growth 
o f  e l e c t r o n i c  p o s i t i o n  l o c a t i o n  a c t i v i t y  i s  
one i n d i c a t i o n .  Another i n d i c a t i o n  comes 
f rom t h e  s tudy  o f  t h e  communications i n d u s t r y .  
As a p a r t  o f  t h e  s tudy o f  t h e  Na t iona l  Meas- 
urement System f o r  Time and Frequency, we 
lea rned  something about  t h e  general  economic 
f e a t u r e s  of t h e  communications i n d u s t r y  [30]. 
This  s tudy revea led  t h a t  t h e  r e l a t i v e  expend- 
i t u r e  o f  U. s. business f o r  te lephone s e r v i c e  
approx imate ly  doubled i n  t h e  p e r i o d  f rom 
1947 t o  1967. 

3.1.3 Soc ia l ,  Human, Man-on-the-Street 
Impacts 

Clocks and watches v a s t l y  i nc rease  a per-  
son ’s  a b i l i t y  t o  coo rd ina te  h i s  a c t i v i t i e s  
w i t h  those o f  o the rs .  That a b i l i t y  t o  
coo rd ina te  i s  f u r t h e r  increased by e l e c t r o n i c  
c o n u n i c a t i o n s  which a r e  i n h e r e n t l y  depend- 
e n t  upon t ime  and frequency technology.  
S t r o n g l y  r e l a t e d  t o  te lecommunicat ions i s  
p u b l i c  s a f e t y  and t h e  v a s t  v a r i e t y  o f  j o b  
o p p o r t u n i t i e s  and c u l t u r a l  a c t i v i t i e s  a v a i l -  
a b l e  i n  i n d u s t r i a l  s o c i e t y .  

The common te lephone i s  probably  t h e  most 
u b i q u i t o u s  o f  a l l  t h e  uses o f  T&F. Bu t  l e s s  
s o p h i s t i c a t e d  a p p l i c a t i o n s  such as pa rk ing  
and t a x i c a b  meters a r e  a l s o  pervas ive.  Tele-  
communi c a t i o n s  en te rs  i n  s p e c i f i c  i n d u s t r i e s  
such as a v i a t i o n ,  r a i l  t r a n s p o r t a t i o n ,  and 
sh ipp ing,  and i s  v i t a l  t o  t h e  n a t i o n a l  de- 
fense. A more r e s t r i c t e d  b u t  ve ry  impor tan t  
T&F a p p l i c a t i o n  i s  f o r  p o s i t i o n  l o c a t i o n .  
Th is  a p p l i c a t i o n  i s  e s s e n t i a l  t o  t h e  s h i p p i n g  
and aerospace i n d u s t r i e s .  O f f sho re  o i l  w e l l  
d r i l l i n g  i s  another  - and i n c r e a s i n g l y  
impor tan t  - a p p l i c a t i o n .  The e l e c t r i c  power 
i n d u s t r y ,  w h i l e  l e s s  dependent on T&F than 
communications and p o s i t i o n  l o c a t i o n ,  i s  a l s o  
an impor tan t  user.  

c i t i e s  
m a t e r i a l  s tandard o f  1 i v i n g  i s  s i g n i f i c a n t l y  
(even i f ,  a b s t r a c t l y )  based on t ime  and f r e -  
quency. 

I f  t h e r e  i s  any b r i e f  statement t h a t  w i l l  

A l l  i n  a l l ,  t h e  a b i l i t y  t o  l i v e  i n  l a r g e  
and t o  m a i n t a i n  a l a r g e  per  c a p i t a  

summarize t h e  s o c i a l  f u n c t i o n  o f  t ime and 
frequency, i t  i s  t h a t  they a r e  t h e  g r e a t  
coo rd ina to rs ,  t h e  g r e a t  o rgan ize rs .  I f  one 
takes a general  l o o k  a t  t h e  h i s t o r i c a l  
development o f  technology and i t s  r e l a t i o n  
t o  soc ie ty ,  one sees a c o n t i n u a l l y  i nc reas -  
i n g  o r g a n i z a t i o n  o f  t h i n g s  and o f  people 
[31] .  L i k e  i t  o r  not ,  i f  t h e  m a t e r i a l  stand- 
a r d  o f  l i v i n g  throughout  t h e  w o r l d  i s  even 
t o  be mainta ined,  t h i s  l e v e l  o f  o r g a n i z a t i o n  
w i l l  p robably  increase.  Time and frequency 
w i l l  a lmost  s u r e l y  p l a y  an even g r e a t e r  p a r t  
i n  t h a t  o r g a n i z a t i o n .  

3.2 S ta tus  and Trends o f  t h e  System 

The present  s t a t u s  o f  t h e  Na t iona l  Meas- 
urement System f o r  Time and Frequency should 
be viewed i n  seve ra l  ways: through i n s t r u -  
men ta t i on  (sec.  2.2 and 2.3), c a l i b r a t i o n  
h i e r a r c h i e s  (sec. 2.3 and 2.4),  f u n c t i o n s  
t h a t  T&F performs (sec.  2.1 and 2.5), and 
i n s t i t u t i o n s  t h a t  supply  and use T&F (sec.  
2 .5) .  

f o r  Time and Frequency adequate? I f  t h e  
same f u n c t i o n s  c o u l d  be p rov ided  f o r  l e s s  
cos t ,  o r  more s e r v i c e  c o u l d  be p rov ided  f o r  
equal cos t ,  then t h e  answer would be no. I n  
genera l ,  however, t h e  problem i s  n o t  so 
e a s i l y  descr ibed.  

Adequacy i s  a word t h a t  i m p l i e s  a s t r o n g  
va lue  judgment. I would p r e f e r  t o  a v o i d  
us ing  t h e  term and s imp ly  a t tempt  t o  desc r ibe  
t h e  probable changes i n  t h e  system. Prev ious-  
l y  I have t a l k e d  about  t e c h n i c a l  aspects o f  
a c t u a l  and probable changes; i n  t h i s  s e c t i o n  
I w i l l  go i n t o  some o f  t h e  socio-economic 
f o r c e s  behind these changes. 
changes l i e  p r i m a r i l y  i n  t h r e e  areas (see 
sec. 2.5.1.2.3): 1.)  the development of  
one o r  more networks o f  c locks  ma in ta ined  i n  
synchronism t o  w i t h i n  1 t o  10 us; 2.) a 
s i g n i f i c a n t  i nc rease  i n  t h e  market f o r  f r e -  
quency e q u a l i z a t i o n  a t  l e v e l s  of 1 x 10’’ 
and b e t t e r ;  and 3 . )  a p o s s i b l e  need f o r  a 
more widespread t i m e  c a l i b r a t i o n  network a t  
an accuracy o f  about  0.1 seconds. T h i s  
p o s s i b l e  need f o r  b e t t e r  t ime-of -day c a l  i b r a -  
t i o n  was d iscussed i n  s e c t i o n  2.5.1.2.3.3 
and o n l y  t h e  f i r s t  two areas r e q u i r e  f u r t h e r  
d i scuss ion .  

My p r e d i c t i o n s  f o r  change a r e  based on 
two types o f  data:  1 . )  d e t a i l e d  s t u d i e s  of 
c e r t a i n  i n d u s t r i e s ;  and 2.) a p o l l i n g  o f  
e x p e r t  o p i n i o n  about t h e  probable f u t u r e  o f  
T&F technology (De lph i  Study) .  The f o u r  
i n d u s t r i a l  s t u d i e s  examined a r e  o f  t he  t e l e -  
phone i n d u s t r y ,  t h e  e l e c t r i c  power i n d u s t r y ,  
t h e  a v i a t i o n  i n d u s t r y ,  and i n d u s t r i a l  and’ 
o t h e r  standards l a b o r a t o r i e s .  

The Delphi  Study was performed under t h e  

Is t h e  present  Na t iona l  Measurement System 

The probable 
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auspices of t he  Technology Forecast ing and 
Assessment Subcommittee of t h e  Communications 
Group of t h e  IEEE.  Appendix A.2 i nc ludes  t h e  
ques t i onna i re  and background i n f o r m a t i o n  sen t  
t o  each o f  t h e  p rospec t i ve  p a r t i c i p a n t s .  A 
major  reason f o r  t h i s  approach i s  t h a t  soc io -  
economic fo rces  a r e  l i k e l y  t o  be ex t remely  
impor tan t  i n  de termin ing  what changes a c t u a l -  
l y  occur,  and I f e l t  t h i s  was a good way o f  
a t tempt ing  t o  i n c l u d e  these cons ide ra t i ons .  
[321. 

p rospec t i ve  p a r t i c i p a n t s  e q u a l l y  d i v i d e d  
between seven sec to rs :  

The ques t i onna i re  was sen t  t o  each o f  107 

1 . ) Telephone i n d u s t r y  
2.) Communications se rv i ces  o t h e r  than 

3.) Nav iga t i on  - t r a n s p o r t a t i o n  i n d u s t r y  
4 . )  O s c i l l a t o r  manufacturers 
5 .  ) Communications equipment manufacturers 
6.) Na t iona l  standards l a b o r a t o r i e s  
7. )  Science 

telephone 

The ques t i onna i re  cons is ted  o f  t h r e e  s e t s  
of ques t ions .  The f i r s t  two d e a l t  w i t h  
e i g h t  ve ry  s p e c i f i c  T&F resources t h a t  m igh t  
come i n t o  ex i s tence  i n  t h e  f u t u r e .  I n  t h e  
f i r s t  s e t  t h e  p a r t i c i p a n t s  were t o l d  t o  
assme t h a t  each resource  would be a v a i l a b l e .  
The t a s k  here was t o  es t ima te  the  p r o b a b i l i t y  
of s i g n i f i c a n t  use o f  each resource. (The 
r e s u l t s  of ques t i on  s e t  one a r e  g i v e n  i n  
f i g .  5 . ) l  The second s e t  t ook  a s t e p  back- 
wards and assumed t h a t  none o f  t h e  e i g h t  
resources a c t u a l l y  e x i s t  now. 
t h i s  ques t i on  s e t  was t o  es t ima te  how much 
"pressure"  t h e  p a r t i c i p a n t s  s e c t o r  would 
e x e r t  t o  b r i n g  them i n t o  ex is tence.  The 
t h i r d  s e t  d e a l t  w i t h  general  techno log ies  
(each dependent on T&F) and t h e i r  p robab le  
f u t u r e  importance t o  t h e  sec to r  i n  which the  
p a r t i c i p a n t  was employed. 

The major  m o t i v a t i o n  f o r  t h e  second s e t  
was t o  p a r t i a l l y  check t h e  v a l i d i t y  o f  t h e  
answers t o  t h e  f i r s t  s e t .  The r e s u l t  was 
u s u a l l y  a ve ry  s t r o n g  p o s i t i v e  c o r r e l a t i o n .  
The pr imary  purpose o f  t h e  t h i r d  s e t  o f  
ques t ions  was t o  check on my p r e d i c t i o n  t h a t  
t h e r e  i s  l i k e l y  t o  be a ve ry  ex tens i ve  a l l -  
d i g i t a l  te lecommunicat ions network i n  t h e  

The task  f o r  

U. S. by 1980-1985. 

lThe f i r s t  column ( "Negat ive"  Responses) i s  
formed by adding t h e  " V i r t u a l l y  Imposs ib le"  
and " R e l a t i v e l y  U n l i k e l y "  responses. Th is  
i s  done f o r  each o f  t h e  yea rs  1980 (c ross  
ha tch)  and 1985 ( s o l i d ) .  The " P o s i t i v e "  
Responses column i s  formed i n  a s i m i l a r  way. 
For  e i t h e r  o f  t h e  years,  t h e  reader  shou ld  
compare t h e  r e l a t i v e  s i z e s  o f  t h e  " P o s i t i v e "  
and "Negat ive" responses. 

To g i v e  the  reader a f e e l i n g  for t he  eco- 
nomic r a t i o n a l e  behind t h e  f i r s t  two areas 
o f  p robab le  change, I w i l l  examine t h e  four  
d e t a i l e d  i n d u s t r i a l  s tud ies  a t  l ena th .  

c locks ,  synchron ized somewhere i n  t h e  range 
of 1 t o  10 u s ,  i s  based i n  l a r g e  measure on 
a s tudy  o f  t h e  te lephone i n d u s t r y  1121. 
Th is  p r e d i c t i o n ,  i n  t u r n ,  r e s t s  on t h e  fo re-  
c a s t  o f  a widespread, a l l - d i g i t a l ,  t e l e -  
communi c a t i o n s  network.  

There a r e  some l a r g e  economic advantages 
t o  d i g i t a l  as opposed t o  analog t ransmiss ion ,  
b u t  t o  adequately r e a l i z e  these advantages, 
t h e  sw i t ch ing  o f f i c e s  ( a t  l e a s t  t h e  major  
ones) must opera te  d i g i t a l l y .  I n  re fe rence  
12 (wh ich  i s  q u i t e  d e t a i l e d )  I show t h a t  
t h e r e  i s  a l ready  a power fu l  t r e n d  toward 
d i g i t a l  t ransmiss ion .  I n  a d d i t i o n ,  t h e r e  a r e  
advanced p lans  t o  r e p l a c e  a major  p a r t  o f  t h e  
analog s w i t c h i n g  network w i t h  d i g i t a l  sw i tch-  
i n g .  
changes w i l l  beg in  t o  occur  i n  1976. Both  
t h e  t ransmiss ion  and s w i t c h i n g  aspects o f  
t h e  a1 1 - d i g i t a l  network have t i m i n g  r e q u i r e -  
ments. But,  does t h i s  mean t h a t  a network o f  
synchronized c locks  ( t o  1-10 us) i s  econom- 
i c a l l y  j u s t i f i a b l e ?  I b e l i e v e  t h a t  t h e r e  a r e  
a t  l e a s t  t h r e e  reasons t o  t h i n k  t h a t  i t  i s .  

F i r s t ,  such a system would make t h e  access 
t o  an a1 1 - d i g i t a l  te lephone network much 
eas ie r ,  p robab ly  p rov ing  economical f o r  t h e  
te lephone i n d u s t r y  i n  t h e  l o n g  run .  
a d d i t i o n ,  t h e  a c t i o n s  o f  t h e  f e d e r a l  govern- 
ment i n  r e c e n t  years  i n d i c a t e  t h a t  t h e  t e l e -  
phone i n d u s t r y  w i l l  p robab ly  be fo rced  t o  
p e r m i t  g r e a t e r  access t o  i t s  ( t h e  te lephone 
company's) system. If so, t h e  t imed network 
would f a c i  1 i t a t e  t h i s  access. Second, one 
ma jo r  te lephone system (Bel l -Canada) a l ready  
has a smal l  ve rs ion  o f  such a system i n  oper-  
a t i o n .  Th i rd ,  t h e r e  was a s t r o n g  consensus 
(d i sp layed  i n  i t e m  7 o f  f i g .  5)  i n  response 
t o  t h e  De lph i  Study t h a t  such a system would 
be p u t  t o  s i g n i f i c a n t  use. Another impor t -  
a n t  suppor t i ng  f a c t o r  i s  t h e  p o t e n t i a l  use 
of such a system by t h e  m i l i t a r y .  One group 
w i t h i n  t h e  Defense Communication Agency 
fee ls  t h a t  such a t imed network would be 
ve ry  va luab le .  W i t h i n  t h e  c o n t i n e n t a l  U.S. .  
t h e  te lephone i n d u s t r y  p rov ides  t h e  b u l k  o f  
m i l i t a r y  communications, a p o s s i b l e  f a c t o r  
i n  encouraging t h e  telephone i n d u s t r y  t o  i n -  
s t a l l  such a system. 

The telephone i n d u s t r y  p robab ly  has t h e  
g r e a t e s t  m o t i v a t i o n  and t h e  most resources 
f o r  s e t t i n g  up an ex tens i ve  network o f  syn- 
chron ized c locks .  Th is  i s  no t ,  however, t h e  
o n l y  means by which such a network c o u l d  
come i n t o  being, and i n  f a c t ,  t h e r e  a l ready  
e x i s t s  a network o f  c locks  synchronized t o  
b e t t e r  than 1 us. Th is  network i s  operated 

The fo recas t  o f  a widespread network O f  

The imp lementa t ion  o f  these s w i t c h i n g  

I n  
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[For details about the interpretation o f  this figure 
see Appendix A.21 

" N E G A T  I V E " 
R E S P O N S E S  

" P O S  I T I V E " 
R E S P O N S E S  

V I R T U A L L Y  + R E L A T I V E L Y  R E L A T I V E L Y  + V I R T U A L L Y  
I M P O S S I B L E  U N L I K E L Y  L I K E L Y  C E R T A I N  

R E S P O N S E  ( % )  R E S P O N S E  ( % )  
R I S O U R C I  

0 10  20 30 40 - 0 10 20 30 40 
11111 

2 

FREQ REPEATAB I L I TY 

- S S k / U N I T  

5 
FRE? E Q U A L I Z A T I O N  

TO l x l O - " -  15 M I N  

AVG $ 2 0 0 / S T A T l O N  

6 
FREQ E Q U A L I Z A T I O N  
TO 1 ~ 1 0 - ~ ~ -  i o  DAYS 

AVG S l O k / S T A T I O N  

8 
SYNC TO 30 ns 

T I M E  S l O k / S T A  - 
ANYWHERE I N  USA 

1 

FREQ R E P E A T A B I L I T Y  
l x l O - l o  - $ l k / U N I T  

3 
FREQ R E P E A T A B I L I T Y  

1 x l  O-I4- $ 1  5 k / l l N I T  

4 
FREQ D R I F T  LESS 

THAN 1 ~ 1 3 - ~ / D h Y  

5 1 OO/UN I T  

7 
SYNC TO 2 ps 
1 M I N  SIGNAL RECOV 
T I M E  - S200/STA 
ANYWHERE I N  USA 

1980 1985 

Figure 5. Responses to set 1 of the Delphi questionnaire 
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by the Department o f  Defense and i s  synchron- 
ized by the Defense S a t e l l i t e  Communications 
System. The s a t e l l i t e s  obtain a time re fer -  
ence from the  USNO. 
to ta l  of about 33 clocks,  w i t h  9 i n  the  
continental  U .  S . ,  the  r e s t  spread around 
the  world. 

In conjunction with NASA, the  T&F Divison 
of NBS i s  planning t o  provide a timing ser -  
v ice  based on s a t e l l i t e  broadcasts and cov- 
erinq the e n t i r e  U . S . ,  beginning about 1979. 
Present evidence indicates  t h a t  t h e  service 
will  allow time t o  be recovered on t h e  ground 
to  an accuracy of a few microseconds. 
c o s t  ( i n  1975 d o l l a r s )  wil l  be about $200 per 
s i t e .  

I t  now appears t h a t  two other  major indus -  
t r i e s  would make use of the  1-10 us network 
i f  the  clocks were s t r a t e g i c a l l y  ava i lab le .  
The e l e c t r i c  power industry has one present 
and one potential  use f o r  such a system. The 
present use i s  f o r  f a u l t  locat ion:  a clock 
accuracy of 1 us would permit location of a 
f a u l t  to  within a thousand f e e t .  A net- 
work t h a t  was synchronized to  the order of 
10 to  20 us would allow the measurement of 
phase angle of the current  and voltage to  
about one degree, possibly capable of pro- 
viding b e t t e r  system control than the present 
method. The previously estimated c o s t  ( f o r  
the NBS s a t e l l i t e  se rv ices)  of $200 per s t a -  
t ion would probably be economic f o r  the phase 
angle appl icat ion and maybe f o r  f a u l t  loca- 
t ion .  

improved b u t  low-cost a i r - c o l l i s i o n  avoidance 
system. One such system using a network of 
timed clocks has been proposed which requires  
a timing accuracy of 1 1.1s o r  b e t t e r  [33]. 

One f i n a l  appl icat ion i s  the  accurate 
locat ion of posit ion on the  surface of t h e  
ear th .  Section 2.5.2.4 describes a posi t ion 
location system t h a t  makes use of t rans-  
mi t te rs  carefu l ly  control led i n  phase. These 
s t a t i o n s  require  phase control to  about 
0.1 us. However, a widely ava i lab le ,  low- 
cos t  capabi l i ty  of a few microseconds, such 
as provided by the  NBS s a t e l l i t e  service,  
would be a welcome complementary system. 
Time dissemination systems and posit ion 
location systems a r e  intimately re la ted ,  re- 
lying on  precisely control led phase of t h e i r  
transmi t t e r ( s ) .  The National Bureau of 
Standards has attempted to  show t h a t  a pos- 
i t i o n  locat ion system can do double duty, 
serving sometimes f o r  time dissemination as  
well as posit ion locat ion.  Some systems have 
very wide coverage, such as  Loran C and Omega, 
and a r e  almost always federa l ly  owned and 
operated. In such cases,  i t  i s  more economic 
f o r  the  taxpayer,to design an e a s i l y  usable 
time signal in to  the system r i g h t  from the 
begi nni ng  . 

The system contains a 

The 

The aviat ion industry i s  in  need of an 

In summation: there are several major 
organizations which would probably use a 
widespread 1 to  10 ps  timed network i f  i t  
exis ted,  b u t  the telephone industry i s  t h e  
most l i k e l y  t o  s e t  u such a system. The 

s u f f i c i e n t l y  low i n  cost  and easy t o  use t h a t  
i t  should a t t r a c t  a grea t  number of users.  

Consider now the  probable market f o r  an 
improved frequency equal izat ion capabi l i ty .  
The NBS s t a t i o n s  WWV-VH provide such a 
serv ice  a t  the 1 x 10-7 level a s  do a few 
other  standard frequency broadcasts.  The 
service i s  widely ava i lab le ,  easy t o  use, 
and a t  the f a i r l y  low cos t  O f  about $250 Per 
s i te .  A t  a level of and b e t t e r ,  the  
cos ts  go u p  t o  a l i t t l e  over $2000 per s i t e ,  
and a t  about 1 x the amount of operator 
e f f o r t  and s k i l l  beqins t o  r i s e  sharply.  

I have ident i f ied  s i x  areas  where frequen- 
cy equal izat ion t o  b e t t e r  than 1 x 10 
probably not b e t t e r  than 1 x 10 i s  needed: 

planned NBS s a t e  -+ l i t e  se rv ice  wil l  be 

b u t  

The FDM system of the te lepione 
industry needs about 1 x 10 "(see 
sec.  2.5.2.3). 
The Dataphone Digital ,  Service of AT&T 
needs 2 x lo-' o r  b e t t e r  
A t  l e a s t  70 of the NCSL-member stand- 
ards laborator ies  need b e t t e r  than 
1 x l o m 6 .  Unfortunately, we d o n ' t  
know how much b e t t e r .  However, we 
do know t h a t  1 7  laborator ies  in this 
group own e i t h e r  cesium o r  rubidium 
standards or  both. 
According t o  reference 33, tha t  
version of an a i r - c o l l i s i o n  avoidance 
system, ACAS, needs 1 x lo-' .  Unlike 
the previous three  items, this sys- 
tem i s  hypothetical .  I t  has been pro- 
posed t o  the FAA b u t  i s  not under 
construction. 
I f  the more s t r ingent  spec i f ica t ion  
on TV broadcasts now being considered 
by the FCC goes through, the  require- 
ment wil l  be about 1 x 10 ' ( see  
sec.  2.4.4). 
The portable uni t s  in  the  m i l i t a r y ' s  
Global Posit ioning System (GPS) have 
a requirement i n  the range of 
1 x 10-8 t o  1 x 

[341 

Each needs a method requiring a very small 
amount of operator time w i t h  f i v e  of the s i x  
needing one requiring l i t t l e  operator s k i l l .  
Five of the s i x  could use e i t h e r  a dissemin- 
a t ion  technique o r  a low-cost o s c i l l a t o r  
t h a t  i s  s u f f i c i e n t l y  accurate.  Because of 
the  mi l i ta ry  need f o r  p o r t a b i l i t y ,  the  GPS 
and cer ta in  other  mi l i ta ry  appl icat ions 
would need an accurate o s c i l l a t o r .  The TV 
"color burst"  system, which has been exten- 
s ive ly  developed by the T&F Division of NBS, 
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i s  technical ly  su i ted  t o  meet the needs of 
the f i r s t  f i v e  a reas .  I t  has been shown t o  
y ie ld  frequency comparison (which i s  basic- 
a l l y  equivalent t o  equal izat ion)  t o  a few 
par t s  i n  lo", with only 15 minutes of 
averaging time. The cos t  per s i t e  i s  present- 
l y  about $500. Items 1 and 5 i n  f igure  5 
give additional support t o  the idea t h a t  
frequency qqualization needs a t  this level 
of precision o r  h i g h e r  a r e  l i k e l y  t o  e x i s t .  
I claim t h a t  the  market e x i s t s  today in  
areas  one through three.  

I t  i s  important to  predict  the s i z e  of 
t h e  potent ia l  market in  these s i x  a reas .  For 
the f i r s t ,  I have already estimated 1,000 
(see  sec.  2.5.2.3). The second appl icat ion 
could probably use about 200 by 1977. 
guess f o r  the  t h i r d  area i s  30. I f  the  
fourth appl icat ion came in to  exis tence,  the 
requirement would e x i s t  i n  each of about 
2,300 commercial j e t  a i r l i n e r s  and about 100 
ground s t a t i o n s  [27]. In the f i f t h  area,  
there  a r e  presently over 920 commercial TV 
broadcast s t a t i o n s  and each i s  a potent ia l  
user. T h e  s i x t h  area i s  poorly determined, 
b u t  po ten t ia l ly  i s  extremely large:  NBS 
personnel estimate the  t o t a l  mi l i ta ry  nav- 
igat ion market t o  be about 50,000, most of 
which would be i n  the  GPS system. 

There appears to  be a potential  market 
f o r  a 1 x lo- ' '  t o  1 x 10 l 1  "dissemination" 
system a t  a c o s t  of $1,000-2,000 per u n i t  
of 4,500. 
t o  1 x lo-'' a t  about the same pr ice  should 
be over 50,000. 

Final ly ,  major needs f o r  frequency equal- 
izat ion beyond the 1 x lo-' ' level wil l  
probably be a par t  of a need f o r  time syn- 
chronization ( see  sec.  2.5.1.2.3.2).  If the 
timed network discussed in t h i s  sect ion 
comes in to  exis tence,  requirements f o r  f r e -  
quency equal izat ion t o  about 1 x lo-" will  
probably accompany i t ,  ex is t ing  a t  u p  t o  
2,000 s i t e s  by 1985-1990. 

A 

That f o r  an o s c i l l a t o r  accurate 

4. SURVEY OF NBS SERVICES 

4.1 The Pas t '  

4.1.1 Developments u p  to  1923 

In 1911 the  development of radio tech- 
nology had come t o  the  point where NBS was 

'The his tory of NBS T&F a c t i v i t y  given above 
i s  drawn i n  l a rge  par t  from the  very de- 
t a i l e d  and exce l len t  h i s tory  wri t ten by 
Mr. Wilbert F. Snyder of NBS. The inform- 

asked t o  perform i t s  f i r s t  wavemeter ca l ibra-  
t ion .  (For many years the measurement of 
frequencies associated with radio t rans-  
mission was performed by devices known a s  
wavemeters. I t  wasn't  un t i l  1923 t h a t  de- 
vices of t h i s  type came t o  be known a s  f r e -  
quency meters.) This i n i t i a l  ca l ibra t ion  
was performed w i t h  a resonant LC c i r c u i t .  
For the  f i r s t  few years ,  the ca l ibra t ion  of 
the  c i r c u i t  was i n  terms of low trequency 
inductance and capacitance (L and C )  measure- 
ments made upon the inductor and the capaci- 
t o r .  By 1918 the  L and C of the wavemeter 
were being determined by ca lcu la t ion .  The 
accuracy of the t o t a l  measurement was no 
b e t t e r  than about 1 x l o m 2  a t  t h i s  time. The 
accuracy was establ ished by comparison with 
the ro ta t ion  r a t e  of the ear th  about i t s  ax is ,  
t h i s  being the accepted def in i t ion  of f r e -  
quency unt i l  1956. The ca l ibra t ion  of the  LC 
wavemeter w i t h  respect  t o  the ro ta t ion  of the 
ear th  i s  c i rcu i tous  b u t  in te res t ing :  
frequency of the resonant c i r c u i t  i s  given by 
the formula f = 1 / ( 2  nm). Both the L and C 
were expressed i n  terms of t h e i r  geometry and 
absolute dimensions. T h i s  re la t ionship  to  
length i s  then convert ible  t o  the inverse of 
time interval  ( i . e .  frequency) via the  in- 
var ian t  re la t ionship  between the  wavelength 
of an electromagnetic wave and i t s  frequency - 
the  speed of l i g h t .  

One of the basic problems of determining 
the  accuracy of a given frequency measurement 
has always been t h a t  of re la t ing  the frequency 
t o  be measured t o  the prevail ing def in i t ion  
of frequency. The d i f f i c u l t y  i s  t h a t  they 
a r e  of ten d i f f e r e n t  in  frequency by orders of 
magnitude. For example, the frequency of the 
ro ta t ion  of the ear th  on i t s  ax is  i s  about 
1 2  micro her tz .  A typical resonant frequency 
f o r  a tuning fork i s  one ki lo  her tz .  T h u s ,  
the  frequency r a t i o  i s  about l o * .  
what usually happens i s  t h a t  one o r  more 
t r a n s f e r  standards a r e  interposed between the  
device t o  be ca l ibra ted  and the  device which 
i s  the physical rea l iza t ion  of the def in i t ion  
of frequency. A good example of t h i s  occurs 
when, i n  l a t e r  years ,  the LC2wavemeter was 
ca l ibra ted  by a tuning fork.  In this i n -  
s tance the  t u n i n g  fork was, i n  turn, ca l ibra-  
ted by a pendulum clock and f i n a l l y  the 
pendulum was ca l ibra ted  by the e a r t h ' s  rota-  
t ion .  
basic l imi ta t ions  of the L C  c i r c u i t ,  l imited 
the  accuracy of the  LC wavemeter t o  about 
1 x despi te  the f a c t  t h a t  the accuracy 
of ca l ibra t ion  of the tuning fork was a l i t t l e  
b e t t e r  than 1 x lo-" .  

the  

In prac t ice  

This ca l ibra t ion  and apparently some 

a t ion  used here W& taken from chapter 8 of 
Mr. Snyder's his tory of radio work a t  NBS 
which wil l  be published Sometime i n  1977 and 
i s  l i s t e d  here as  reference 35. 

2By 1917, t u n i n g  forks were being used as  
frequency standards by the Sound Division of 
NBS. By 1922, these devices were a l so  used 
i n  t h e  ca l ibra t ion  of the LC wavemeter. 
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The problem was the same i n  measuring 
time because the  period of one rotat ion of 
the ear th  (one day) i s  too long f o r  many h u -  
man appl icat ions.  A period of about one sec- 
ond i s  a more appropriate base u n i t .  What 
was needed was a "flywheel" which could pro- 
vide a shor te r  base uni t  b u t  could S t i l l  be 
ca l ibra ted  in terms of the e a r t h ' s  ro ta t ion .  
A pract ical  flywheel i s  one which repeats 

one day. 
very well f o r  about two hundred years (see 
f i g .  1 ) .  

Thus, both frequency and time measurement 
a r e  faced with the f a c t  t h a t  the  frequency 
(per iod)  of the device t o  be ca l ibra ted  i s  
usually grossly d i f f e r e n t  than t h a t  of the 
source of ca l ibra t ion .  

Today, the def in i t ion  of time interval  
(and therefore  frequency) i s  in terms of a 
cesium atom t r a n s i t i o n  a t  about 9.2 x l o 9  Hz. 
Yet the  problem i s  much the same. A useful 
base u n i t  of time interval  i s  now about 10'' 
times longer ( instead of shor te r )  than the 
def in i t ion  in terms of cesium. Also, many 
important frequency appl icat ions a r e  f o r  
frequencies much l e s s  t h a n  9.2 x l o 9  Hz. T h u s ,  
frequency "dividers" must be used t o  t rans-  
l a t e  the  frequency of the primary standard 
to  lower frequencies and longer time i n t e r -  
vals ,  and frequency mult ipl icat ion must be 
performed t o  measure those frequencies t h a t  
a r e  higher t h a n  t h a t  of the primary standard.  

The LC wavemeter was t o  serve as the NBS 
standard f o r  radio frequency f o r  a b o u t  
eleven years ,  from 1918 to  1929, although by 
1920, quartz  c rys ta l  o s c i l l a t o r s  - which 
would replace the LC wavemeter - were be- 
coming of technological importance. The real  
push f o r  measurement of radio frequencies 
did not come unt i l  the  ear ly  1920's with the 
advent of radio broadcasting: c losely 
associated with t h i s  was the development of 
quartz  o s c i l l a t o r  technology. 

The f i r s t  NBS experience with c rys ta l  
o s c i l l a t o r s  came in 1920 with a requirement 
f o r  ca l ibra t ion  of four  of them. 
l a t o r s  were t h e  f i r s t  of many sent  t o  NBS by 
Professor W .  G .  Cady of Wesleyan University.  
In 1923, NBS ca l ibra ted  seven of Professor 
Cady's o s c i l l a t o r s ,  ranging in frequency from 
14.5 kHz t o  763 kHz.  These same o s c i l l a t o r s  
had a l so  been studied by s i x  other  laborator- 
i e s ,  f i v e  of which were in Europe. The 
general agreement among laborator ies  was of 
the order of 1 x l o m 3  - q u i t e  an achievement 
considering the ear ly  stage of q u a r t z  tech- 
nology and the d i f f i c u l t y  of the  measurement. 

4.1.2 Frequency and Time Standard Develop- 
ment in the Period 1923 to  1947 
Including the Act iv i t ies  of NBS 
Stat ion W W V  

i t s  basic behavior - "motion" - f o r  a t  l e a s t  
Pendulums served t h i s  function 

These o s c i l .  
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By 1924,  NBS was studying quartz c r y s t a l s  
f o r  use both as  standard frequency o s c i l l a t o r s  
and as  a means of control l ing the trans- 
missions of radio broadcast s t a t i o n s .  This 
work was sorely needed because, by 1922, 
there  were 570 U .  S .  broadcasting s t a t i o n s  
operating within a 1000 kHz band. A t  t h i s  
time, the a b i l i t y  of a broadcaster t o  control 
the frequency of his  transmission was in- 
s u f f i c i e n t .  A real  problem exis ted in reduc- 
ing broadcast interference and NBS took two 
basic approaches towards i t s  so lu t ion .  The 
f i r s t  was the development a f  frequency re fer -  
ence t e s t  s e t s ,  and the second was the estab- 
lishment of a standard frequency broadcast 
s t a t i o n .  This s t a t i o n ,  now located in 
Fort  Col l ins ,  Colorado, whose c a l l  l e t t e r s  
were ( a n d  s t i l l  remain) W W V ,  went on the a i r  
March 6 ,  1923. 

By l a t e  1925, NBS had developed a broad- 
c a s t  frequency t e s t  s e t  which could be used 
in  t h e  f i e l d ,  an o s c i l l a t o r  w i t h  a quartz  
crystal  as i t s  resonant element. In 
February, 1927, t he  Congress created the  
Federal Radio Commission with the  hope of 
reducing interference between broadcast 
s t a t i o n s .  This organization, renamed the 
Federal Communications Commission in 1934, 
specif ied a tolerance of 500 her tz  on the 
c a r r i e r  frequencies of broadcast s t a t i o n s .  
The National Bureau of Standards was given 
t h e  respons ib i l i ty  of checking whether t h i s  
spec i f ica t ion  was being met. 
in to  the  temperature s t a b i l i z a t i o n  of quartz 
c rys ta l  o s c i l l a t o r s  (beginning i n  1927) re-  
sul ted in helping to  meet t h i s  respons ib i l i ty  
to  the Federal Radio Commission and in im- 
provement in the NBS frequency standard.  

I n  February, 1927, NBS organized a confer- 
ence among U .  s. laborator ies  f o r  the  purpose 
of fur ther  development of quartz o s c i l l a t o r  
frequency standards.  Three of the e ight  
laborator ies  involved (Naval Research Labor- 
a tory ,  Bel 1 Telephone Laboratory , and NBS) 
began a comparison of seven quartz frequency 
standards.  By 1929, t h i s  resul ted in  o s c i l -  
l a t o r s  and measurement technjques showing a 
frequency accuracy of 1 x 10 '. 

Quartz o s c i l l a t o r  technology has been 
fundamental t o  the telephone industry f o r  
over 50 years .  Indicat ive of t h i s  i s  the 
f a c t  t h a t  NBS contracted with Bell Laborator- 
ies  to  construct four temperature-controlled, 
100 kHz quartz o s c i l l a t o r s  to  form the hear t  
of a National Primary Standard o f  Radio Fre- 
quency. These devices were delivered t o  NBS 
in  August, 1929. 
t o  the  point t h a t  frequency differences 
between the  o s c i l l a t o r s  as small as 1 x lo-' 
could be detected.  

A submultiple o u t p u t  of 1900 Hz from the 
frequency standard system was used to  dr ive  

The NBS s tudies  

The technology had  developed 



a clock synchronized t o  mean soZar time from 
the USNO via  radio broadcast. One very 
important r e s u l t  of t h i s  cooperation with 
the Observatory was t h a t  the quartz  frequency 
standard system was found to  be d r i f t i n g  a t  
the  r a t e  of about 1 x per month. 

Even w i t h  this l imi ta t ion  i n  long-term 
s t a b i l i t y ,  quartz o s c i l l a t o r s  had become of 
grea t  importance t o  radio broadcasting. In 
p a r t i c u l a r ,  they served both as a means of 
ca l ibra t ion  and a s  a control of s t a t i o n  W W V .  
I t  i s  important to  t r a c e  the development of 
t h i s  s t a t i o n  along w i t h  quartz o s c i l l a t o r s  
and, l a t e r ,  atomic o s c i l l a t o r s  w i t h  which i t  
i s  so c lose ly  associated.  

By 1926, the development of quartz o s c i l -  
l a t o r s  and the general development of f r e -  
quency metrology had resul ted in  several  
broadcast s t a t i o n s  t h a t  could be used as  
reference standards.  In t h a t  year ,  f o r  
various reasons, NBS suggested the  termina- 
t ion  of the W W V  broadcasts,  which caused such 
ser ious objection from WWV's users the  idea 
was abandoned. Moreover, the  termination 
of the broadcasts has never been ser ious ly  
considered s ince.  

I n i t i a l l y ,  WWV was located on the  Bureau 
grounds i n  Washington. In January, 1931, the 
s t a t i o n  was moved to  College Park, Maryland 
just  outs ide of Washington, D .  C .  In Dec., 
1932, the s t a t i o n  was moved t o  B e l t s v i l l e ,  
Maryland where i t  remained unt i l  1966 when 
i t  was relocated t o  Fort  Col l ins ,  Colorado. 

In 1932 t h e  broadcasts were on just one 
c a r r i e r  frequency, 5 MHz. By 1937, the  
s t a t i o n  operated on c a r r i e r  frequencies of 
5, 10, 15, and 20 MHz. The c a r r i e r s  were 
modulated so t h a t  they delivered standard 
audio frequencies of 440 and 1000 Hz and 
time " t icks"  spaced one second apar t .  
c a r r i e r  frequency accuracy was now about 

begun w i t h  the  USNO when the time s igna ls  of 
WWV were synchronized w i t h  theirs and stand- 
ard time was broadcast a t  f i v e  minute in te r -  
vals  i n  te legraphic  code. By 1947, ca l ibra-  
t ion  w i t h  mean soZar time via the USNO 
showed t h a t  WWV was broadcasting with a 
c a r r i e r  accuracy of 2 x l o - * .  In 1950, voice 
announcements of time o f  day were begun. 

By 1952, the  National Standard included 
s i x  c rys ta l  o s c i l l a t o r s  plus e ight  quartz  
c r y s t a l s  used passively as  resonators.  
quency comparisons were made d a i l y  between 
a l l  the units t o  a precision of about 
1 x lo- ' ' .  
Standard was now a t  a level which made the 
da i ly  f luc tua t ions  and longer term fluctua-  
t ions  i n  the  ro ta t ion  r a t e  of the  ear th  
e a s i l y  discernible .  

The quest  f o r  accuracy i s  a search f o r  
environmental independence. In a general 
sense,  i t  i s  a seeking f o r  primary standards 
t h a t  a r e  based on fundamental constants of 

The 

2 x 10-7. 
In June, 1944, a cooperative program was 

Fre- 

The s t a b i l i t y  of the National 

nature and not upon a r t i f a c t s  of humanity. 
Since accuracy can never be any better than 
precis ion,  par t  of the  search f o r  accuracy 
has a l so  been one f o r  s t a b i l i t y .  T h u s ,  
quartz o s c i l l a t o r s  replaced the LC wavemeter 
par t ly  because they permitted a higher pre- 
c i s ion  of comparison. The pendulum clock, 
because i t  could a c t  as  a s t a b l e  flywheel, 
allowed t h e  t r a n s l a t i o n  of the def in i t ion  of 
time i n t e r v a l ,  given i n  terms of the  e a r t h ' s  
motion, in to  a working standard.  Quartz  
o s c i l l a t o r s  served the same function a s  the  
pendulum clock. As the technology of quartz  
o s c i l l a t o r s  grew, t h e i r  s t a b i l i t y  improved 
s u f f i c i e n t l y  ( b e t t e r  than 1 x lo-* f o r  one 
day 's  averaging time) to  de tec t  nonuniform- 
i t y  of the e a r t h ' s  ro ta t ion  r a t e .  
although the e a r t h ' s  ro ta t ion  has the des i r -  
ab le  property of not be ing  a human a r t i f a c t ,  
i t  lacks the invariance w i t h  time t h a t  i s  so 
devoutly sought i n  a primary standard.  Even 
though the  abi 1 i ty to  keep s t a b l e  time was 
improving rapidly because of the use of 
quartz  o s c i l l a t o r s ,  the s i t u a t i o n  was un-  
des i rab le  from the  point of view of a primary 
standard.  The s t a b i l i t y  of quartz  o s c i l l a t o r s  
averaged over a few days'  time, was b e t t e r  
than t h a t  of the  e a r t h ' s  ro ta t ion  r a t e .  On 
the other  hand, the ear th  had the naturalness - 
t h e  lack of human intervent ion - which quartz  
lacked. 
the  s tory:  
quency standards.  

4.1.3 Atomic Standards and Further Improve- 
ments i n  the  Broadcast Services 

T h u s ,  

This brings me to  the  l a s t  f a c e t  of 
the development of atomic f r e -  

Fundamentally associated w i t h  the develop- 
ment of atomic frequency standards was the  
development of the technology of microwaves.' 
Microwave techno1 ogy devel oped rapidly d u r i n g  
World War I1 and was c lose ly  associated w i t h  
radar .  As par t  of t h i s  e f f o r t ,  NBS, i n  1944, 
undertook the development of a microwave f r e -  
quency standard.  
standard which was accurate  t o  1 x lo-'. 
Work of t h i s  type gradually b u i l t  u p  the 
technology - including frequency mul t ip l ie rs  
and mixers - t h a t  was essent ia l  t o  the 
development of atomic frequency standards.  

In 1879, Lord Kelvin, using a suggestion 
by James Clerk Maxwell, proposed the  use of 
atoms of hydrogen and sodium as  natural  
standards of frequency and length.  
"atomic" frequency standard,  however, was 
based not upon an atom, b u t  upon the ammonia 
molecule. Important in  this development were 
the microwave spectroscopic observations 
t h a t  were performed a t  the University of 
Michigan around 1934. The ammonia standard,  
based upon the absorption c e l l  p r inc ip le  [36], 
was used f o r  the  f i r s t  time as  a clock on 

The project  resulted i n  a 

The f i r s t  

'The microwave frequency range l ies ,  roughly, 
between 1 GHz ( l o 9  Hz) and 40 GHz. 
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August 12, 1948. This c l o c k  demonstrated a 
s t a b i l i t y  t h a t  was g r e a t e r  than t h a t  o f  t h e  
r o t a t i o n  o f  t h e  e a r t h  on i t s  a x i s  b u t  n o t  
q u i t e  as good as t h e  e a r t h  i n  i t s  o r b i t  
around t h e  sun. 

The abso rp t i on  c e l l  techn ique was t h e  f i r s t  
t o  be used i n  an o p e r a t i o n a l  a tomic  c l o c k .  
Many people f e l t ,  however, t h a t  an a tomic  
beam techn ique [36] would produce a dev i ce  
o f  g r e a t e r  s t a b i l i t y  and accuracy.  
as 1945, Pro fessor  I sador  Rabi o f  Columbia 
U n i v e r s i t y  suggested t h e  beam techn ique f o r  
use as a f requency standard.  I n  t h e  summer 
o f  1949, a p r o j e c t  t o  e x p l o i t  t h e  beam tech-  
n ique f o r  a frequency s tandard  was begun a t  
NBS. The atom se lec ted  was cesium and 
Professor Po lycarp  Kusch o f  Columbia Un iver -  
s i t y  was employed as a c o n s u l t a n t .  A y e a r  
e a r l i e r ,  Professor Char les H. Townes ( a l s o  
o f  Columbia U n i v e r s i t y )  was employed as a 
c o n s u l t a n t  i n  a p r o j e c t  t o  s tudy  t h e  mic ro-  
wave spec t ra  o f  gases and s 0 1 i d s . ~  
The phys i cs  and eng ineer ing  cons ide ra t i ons  
t h a t  r e s u l t e d  i n  t h e  p resen t  s t a t e  o f  t h e  
a r t  i n  atomic f requency standards a r e  beyond 
t h e  scope o f  t h i s  work. The reader  who i s  
i n t e r e s t e d  i n  t h i s  f a s c i n a t i n g  s u b j e c t  can 
p r o f i t  f rom read inq  chapters  3,4,5,6, and 7 
o f  re fe rence  4 and, a lso ,  re fe rence  13. 

S t a t i o n  WWVH i s  one o f  t h e  t h r e e  NBS 
s tandard  t ime and frequency s t a t i o n s .  Located 
i n  t h e  Hawaiian I s lands ,  i t  began broadcas t ing  
i n  1948. I t s  b roadcas t  fo rmat  i s  e s s e n t i a l l y  
t h a t  o f  W W V  and t h e  s t a t i o n  i s  designed t o  
p rov ide  T&F s e r v i c e  over  much o f  t h e  P a c i f i c  
Ocean and sur round ing  lands .  I n  1954, most 
of t h e  r a d i o  a c t i v i t i e s  o f  NBS were moved 
t o  Boulder,  Colorado: among those were t h e  
Na t iona l  Standard f o r  Radio Frequency ( t h e  
ensemble o f  q u a r t z  o s c i l l a t o r s ) ,  t h e  ammonia 
c lock ,  and t h e  f i r s t  cesium beam frequency 
standard.  Even though t h e  q u a r t z  ensemble 
was now l o c a t e d  i n  Boulder,  i t  was s t i l l  used 
t o  mon i to r  t he  broadcasts o f  WWV near 
Washington. Th is  mon i to r i ng -a t -a -d i s tance  
was n o t  new t o  NBS. 
performed e a r l i e r  f o r  t h e  Federal  Radio 

As e a r l y  

A r e l a t e d  task  had been 

2 1 t  i s  i n t e r e s t i n g  t h a t  t h r e e  o f  t h e  people 
who have worked on t h e  NBS frequency standar 
and spectroscopy a c t i v i t i e s  l a t e r  won Nobel 
p r i z e s  i n  phys ics .  Wa l te r  H. B r a t t a i n ,  who 
worked on t h e  tempera ture  s t a b i l i z a t i o n  of 
q u a r t z  o s c i l l a t o r s  i n  t h e  l a t e  1 9 2 0 ' ~ ~  won 
t h e  1956 p r i z e  f o r  t h e  d i scove ry  o f  t h e  
t r a n s i s t o r  e f f e c t .  Po lycarp  Kusch won t h e  
1955 p r i z e  f o r  t h e  de te rm ina t ion  o f  t h e  mag- 
n e t i c  moment o f  t h e  e l e c t r o n .  Char les K .  
Townes won t h e  1964 p r i z e  f o r  work demon- 
s t r a t i n q  t h e  p r i n c i p l e s  o f  t h e  maser. .. 
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Commission and since 1948, we have been mon- 
i t o r i n g  t h e  c a r r i e r  f requenc ies  o f  WWVH. One 
r e s u l t  o f  t h i s  mon i to r i ng -a t -a -d i s tance  was 
t h e  es tab l i shment  o f  t h e  t h i r d  NBS broadcas t  
s t a t i o n ,  WWVB. Measurements o f  t h e  WWV broad- 
cas ts  showed t h a t  t h e  rece ived  s i g n a l  c o u l d  
be i n  e r r o r  i n  f requency by  as much as 
4 x l o - ' .  Th i s  e r r o r  r e s u l t e d  because of t h e  
Doppler s h i f t  f rom t h e  moving ionosphere [8l .  
S t a t i o n  WWVB, ope ra t i ng  a t  t h e  much lower  
c a r r i e r  f requency o f  60 kHz, was s e t  up t o  
reduce t h i s  e f f e c t .  The i n i t i a l  broadcasts 
o r i g i n a t e d  from t h e  Bou lder  Labora to r ies  o f  
NBS and began i n  1956. 
were l a t e r  moved t o  F o r t  C o l l i n s ,  Colorado, 
50 m i l e s  no r theas t  o f  Bou lder .  

The f i r s t  NBS cesium beam frequency stand- 
a r d  was i n  o p e r a t i o n  by 1958 as t h e  NBS work- 
i n g  s tandard  o f  f requency and became known 
as NBS-1. I t  was used t o  s tudy  t h e  frequency 
s t a b i l i t y  o f  t h e  WWV broadcasts.  
1959, a second NBS cesium beam s tandard  
was i n  exper imental  ope ra t i on ,  known as 
NBS-'11. 
and found t o  agree i n  f requency t o  about 
1.5 x meaning t h a t  dev ices  now e x i s t e d  
which p rov ided  t h e  phys i ca l  bas i s  f o r  a new 
d e f i n i t i o n  o f  f requency. From 1956 t o  196T;  t h e  
o f f i c i a l  d e f i n i t i o n  o f  f requency was based on 
t h e  r o t a t i o n  o f  t h e  e a r t h  about t h e  sun ( t h e  
ephemeris second). The p r e c i s i o n  w i t h  which 
t h i s  mot ion  can be determined -+and the re fo re ,  
i t s  accuracy - i s  about  1 x 10 . Thus 
t h e r e  was evidence t h a t  a d e f i n i t i o n  o f  t h e  
second based on t h e  cesium atom cou ld  be a t  
l e a s t  100 t imes b e t t e r  t han  t h a t  based on t h e  
e a r t h ' s  o r b i t  about the  sun. 
open f o r  bas ing  frequency on t h e  mic roscop ic  
w o r l d  o f  t h e  atom i n s t e a d  o f  t h e  macroscopic 
w o r l d  o f  t h e  ea r th .  

On January 1, 1960, N B S - I 1  was o f f i c i a l l y  
adopted as t h e  U .  S .  Frequency Standard. The 
broadcas t  s t a t i o n s  WWV, WWVH, and WWVB were 
now be ing  c o n t r o l l e d  as w e l l  as mon i to red  by 
NBS-11. (Commercial cesium beam standards 
were used a t  t h e  s t a t i o n s  themselves and 
N B S - I 1  was used t o  c o r r e c t  long- te rm e r r o r s .  
Cons t ruc t i on  o f  a t h i r d  cesium beam s tandard  - 
NBS-111, w i t h  a demonstrated accuracy of a 
few p a r t s  i n  10" - was begun i n  1959, be- 
coming t h e  new U .  S.  Frequency Standard i n  
September, 1963. By now, a t ime scale was 
i n  o p e r a t i o n  a t  t h e  Boulder Labora to r ies ,  
based on an ensemble o f  commercial q u a r t z  
osc i  1 l a t o r s .  
t h i s  ensemble was r e g u l a r l y  c a l i b r a t e d  
by  t h e  NBS p r imary  standard.  I n  A p r i l ,  1963, 
t he  t ime s c a l e  b roadcas t  by W W V ,  by  s e t t i n g  
a q u a r t z  c l o c k  i n  Boulder and t r a n s p o r t i n g  
i t  t o  t h e  WWV t r a n s m i t t e r  i n  Maryland, was 
brought  i n t o  synchronizm w i t h  t h e  Boulder 
t ime  s c a l e  t o  w i t h i n  5 ps .  The WWVB t rans -  
m i t t e r  was moved t o  F o r t  C o l l i n s ,  Colorado 

Both  WWVB and WWV 

By spr ing ,  

N B S - I  and N B S - I 1  were intercompared 

The way was 

The r a t e  ( f requency)  o f  
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i n  Ju l y ,  1963. I t s  c a r r i e r  f requency was 
c o n t r o l l e d  by  NBS-I11 t o  approx imate ly  
2 x lo-" .  On November 30, 1966, s t a t i o n  
WWV was s h u t  down a t  i t s  Maryland s i t e  and 
t ransmiss ion  was begun a t  F o r t  C o l l i n s ,  
Colorado. 

I n  October, 1967, t h e  13 th  General Confer-  
ence o f  Weights and Measures (CGPM) o f f i c i a l -  
l y  d e f i n e d  t h e  second i n  terms o f  a t r a n s i -  
t i o n  f requency  o f  cesium. On June 30, 1972, 
t h e  NBS r a d i o  s t a t i o n s  (as w e l l  as many o t h e r  
s tandard  T&F s t a t i o n s  around t h e  wor ld )  made 
t h e  f i r s t  " l e a p  second" c o r r e c t i o n  t o  i t s  
t ime  broadcasts,  an a c t i o n  recommended by  t h e  
I n t e r n a t i o n a l  Radio C o n s u l t a t i v e  Comni t t e e  
( C C I R )  t o  compensate f o r  t h e  f a c t  t h a t  a t ime  
s c a l e  based on t h e  atomic d e f i n i t i o n  o f  t h e  
second runs  a t  a r a t e  some 3 x l o - '  f a s t e r  
than t h a t  based on t h e  !o ta t ion  o f  t h e  e a r t h  
on  i t s  a x i s  as o f  1972. 

The T&F D i v i s i o n  o f  NBS cont inues  t o  work 
a t  b o t h  o s c i l l a t o r  development and t h e  means 
o f  d i ssemina t ion  by  which t h e  s i g n a l s  gener- 
a t e d  by  those o s c i l l a t o r s  can be t r a n s m i t t e d .  
N B S - I 1 1  has been rep laced  by  NBS-4 and NBS-5, 
b o t h  based on t h e  cesium beam techn ique and 
demonst ra t in  an accuracy o f  about 5 x 10  l 3  
and 1 x lom1' r e s p e c t i v e l y .  They a r e  b o t h  
used i n  c a l i b r a t i o n s - o f  t h e  NBS t ime  sca le .  

The ensemble of e i g h t  COm"-C la l  CeSlUm 
beams t h a t  c u r r e n t l y  makes up t h e  NBS t ime  
s c a l e  i s  a l s o  used t o  c o n t r o l  t h e  broadcas ts  
o f  t h e  NBS r a d i o  s t a t i o n s .  The NBS t ime  
s c a l e  i s  p r e s e n t l y  synchronized t o  t h a t  o f  
t h e  BIH t o  w i t h i n  one microsecond. 

S ince  t h e  ' f requency  standards a c t i v i t y  
has been moved t o  Boulder,  s t u d i e s  o f  t h e  
t h a l l i u m  and hydrogen atoms and t h e  ammonia 
molecule--as a p p l i e d  t o  f requency  standards--  
have a l s o  been conducted. Work w i t h  t h e  
t h a l l i u m  atom and t h e  ammonia molecu le  was 
te rm ina ted  severa l  years  ago; b u t  work w i t h  
hydrogen cont inues ,  showing promise f o r  a 
ve ry  u s e f u l  secondary, i f  n o t  a p r imary ,  
standard.  I n  r e c e n t  years ,  work i n  t h e  T&F 
and o t h e r  d i v i s i o n s  o f  NBS on t h e  mo lecu la r  
s t a b i l i z a t i o n  o f  l a s e r s  has shown promise 
f o r  f requency  s tandard  a p p l i c a t i o n s .  Inves-  
t i g a t i o n s  o f  sho r t - t e rm s t a b i l i t y  a r e  i m -  
p o r t a n t  i n  severa l  a p p l i c a t i o n s  o f  t i m e  and 
frequency standards,  i n c l u d i n g  t h e  p r imary  

Research and development i n  d i ssemina t ion  
techn iques  i s  a l s o  be ing  emphasized. Over 
t h e  years,  d i v i s i o n  personnel  have s t u d i e d  
t h e  c h a r a c t e r i s t i c s  o f  t h e  Loran-C and Omega 
systems, as w e l l  as d i ssemina t ion  v i a  s a t e l -  
l i t e  and l i n e - o f - s i g h t  microwave (TV) systems. 
The s a t e l l i t e  and TV p r o j e c t s  a r e  a c t i v e  a t  
t h e  p resen t  t ime.  Resu l t s  f rom t h e  s a t e l l i t e  
p r o j e c t  i n d i c a t e  t h e  p o s s i b i l i t y  o f  a t  l e a s t  
a p a r t i a l  replacement o f  t h e  NBS broadcas t  
s t a t i o n s  by  1980. Unpublished i n f o r m a t i o n  
a v a i l a b l e  today  i n d i c a t e s  t h a t  a s tandard  
T&F broadcas t  v i a  s a t e l l i t e  c o u l d  be operated 
a t  a s i g n i f i c a n t  c o s t  r e d u c t i o n  ove r  t h e  
p resen t  b roadcas t  se rv i ces .  The q u a l i t y ,  
too ,  shows promise o f  be ing  s i g n i f i c a n t l y  
improved. 

rub id ium frequency standards used by t h e  
ma jo r  t e l e v i s i o n  networks) w i l l  p robab ly  
p rove  t o  be an impor tan t  s u b s t i t u t e  f o r  some 
of t h e  f requency se rv i ces  o f  t h e  NBS broad- 
c a s t  s t a t i o n s .  The techn ique can be p a r t i -  
c u l a r l y  u s e f u l  t o  those who need9frequency - 1 1  
accuracy i n  t h e  range o f  1 x 10 t o  1 x 10 
One v e r y  impor tan t  a p p l i c a t i o n  o f  t h e  tech-  
n ique  i s  i n  t h e  s l a v i n g  o f  s t a t i o n s  WWV and 
WWVB t o  t h e  NBS t ime  sca le .  W i th  t h i s  method, 
t h e  s i g n a l  as b roadcas t  f rom F o r t  C o l l i n s ,  i s  
i n  synchronism w i t h  the-f ime s c a l e  t o  w i t h i n  
30 nanoseconds (30 X 10 s ) .  It a l s o  a l l o w s  
a v e r y  accu ra te  f requency  comparison - i n  
long- te rm - w i t h  t h e  NBS p r imary  f requency  
standarq, Comparisons t o  t h e  o r d e r  o f  
1 x 10- have been ach ieved . fo r  averag ing  
t imes o f  about one week. 

The TV techn ique (which makes use o f  t h e  

4.2 The Present :  Scope o f  NBS Serv i ces  

4.2.1 D e s c r i p t i o n  o f  NBS'Services 

The Time and Frequency e f f o r t  o f  NBS, as 
i t  i s  p r e s e n t l y  c o n s t i t u t e d ,  i s  m a i n l y  l o c a -  
t e d  i n  two sec t i ons .  The s e c t i o n  r e s p o n s i b l e  
f o r  b roadcas t  se rv i ces  and d i ssemina t ion  
research  i s  c a l l e d  t h e  Time and Frequency 
Serv ices  Sec t ion .  
quency-Time Standards, i s  respons ib le  f o r  
t h e  p r imary  f requency  standards,  t h e  t ime  
sca le ,  and research  towards new standards 

The o t h e r  sec t i on ,  Fre- 

,standard.  
o s c i l l a t o r s  s t i l l  con t inues ;  and a new p r o j e c t ,  
t h e  superconduct ing c a v i t y  o s c i l l a t o r ,  i s  
underway. oro. iects a c t i v e  w i t h i n  these Sect ions .  I t  i s  

To t h i s  end, development o f  q u a r t z  
and measurement methods. 

I n  F i s c a l  Year 1975 t h e r e  were 15 major  

Lseful  t o  c l a s s i f y  these p r o j e c t s  i n  terms 
of t h e  f i r s t  s i x  o f  t h e  "ou tpu ts "  d iscussed 
i n  s e c t i o n  2.5.1 .l. Using t h i s  d e s c r i p t i o n  
t o  c a t e g o r i z e  t h e  ou tpu ts ,  t h e  FY 75 Pro- 
j e c t s  a r e  d i s t r i b u t e d  as f o l l o w s :  

-mentioned t h a t  some a p p l i c a t i o n s ,  such as 
c e l e s t i a l  nav iga t i on ,  
time, b u t  t h e r e  a r e  some a p p l i c a t i o n s  t h a t  
depend upon t h e  s t a b i l i t y  o f  a tomic  t ime.  
See Sec t ion  2.5.2.5. 

have apparent solar 
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Category # o f  P r o j e c t s  

A. Source 1 
B. S igna l  4 
C. Receiver 3 
D. D isseminat ion  Means 1 
E. Pub l i sh  2 
F. Consu l t  4 

Seven o f  t h e  f i f t e e n  p r o j e c t s  a r e  s i g n i f -  
i c a n t l y  descr ibed by two and n o t  j u s t  one 
ou tpu t .  I n  those cases I have es t imated which 
one o f  t h e  two ou tpu ts  b e s t  descr ibes  t h e  
p r o j e c t  and used t h a t  d e s c r i p t i o n .  

pu ts  versus d o l l a r s  spent ( i n  FY 7 5 )  r e s u l t s  
i n :  

Desc r ib ing  t h e  Sec t ions  i n  terms o f  o u t -  

Category FY 75  $ 

Source 386K 
S igna l  890K 
Receiver 546K 
Disseminat ion  Means 35K 
Pub1 i s h  135K 
Consu l t  49K 

TOTAL 2,041 K 

A s i g n i f i c a n t  p a r t  o f  t h e  e f f o r t  t h a t  goes 
i n t o  t h e  ca tegor ies  of Source, Receiver and 
D isseminat ion  Means, i s  mo t i va ted  by  a d e s i r e  
t o  m a i n t a i n  o r  improve t h e  q u a l i t y  o f  t h e  
s i g n a l  a t  t h e  u s e r ' s  s i t e .  Moreover, when 
c a l i b r a t i o n  i s  performed a t  t h e  s i t e  o f  t h e  
p r imary  s tandard  ( o r  t ime  sca le )  t h e  Source 
and t h e  S igna l  become i n d i s t i n g u i s h a b l e .  

Time and Frequency D i v i s i o n  personnel  
c u r r e n t l y  p a r t i c i p a t e  i n  t h e  f o l l o w i n g  T&F 
s t a n d a r d i z a t i o n  o rgan iza t i ons :  

Department o f  Defense Coord ina t i on  
Commi t t e e  f o r  General S p e c i f i c a t i o n s  
o f  C r y s t a l  O s c i l l a t o r s  
I E E E  A d m i n i s t r a t i v e  Committee 
I E E E  Technical  Committee on Frequency 
and Time, Subcommittee on Frequency 
S t a b i l i t y  
I E E E  Technical  Committee on Frequency 
and Time, Subcommittee on Time 
C C I R  Study Group I V  
T&F Subcommittee o f  Federal  Te le -  
communications Standards Committee 
C C I R  Studv GrouD VI1 
IAU Com. 31  
U R S I  Com I 

C C I R ,  I n t e r n a t i o n a l  Delegate t o  P lenary  
Session o f  Study Group V I 1  
C o n s u l t a t i v e  Commi t t e e  f o r  t h e  D e f i n i t i o n  
o f  t h e  Second 

A t  any g i ven  t ime, some D i v i s i o n  personnel 
a r e  l i k e l y  t o  be i n v o l v e d  i n  t r y i n g  t o  h e l p  

Solve a t ime o r  frequency problem f o r  some 
o t h e r  o r g a n i z a t i o n  o r  group. 
o n l y  c o n s u l t a t i o n  o r  i t  may be an exper imenta l  
o r  t h e o r e t i c a l  p r o j e c t .  A t  t h e  p resen t  t ime  
t h e r e  a r e  two such a c t i v i t i e s :  1 . )  consu l -  
t a t i o n  and exper imental  e f f o r t  f o r  i n d u s t r y  
and t h e  m i l i t a r y  on a tomic  o s c i l l a t o r s  t o  be 
used w i t h  t h e  Global  P o s i t i o n i n g  System (see 
a l s o  sec. 2.5.1.2.3.1); and 2 . )  
w i t h  U .  S. Navy Standards Labora to r ies  about  
t h e  use o f  t h e  TV f requency -equa l i za t i on  
technique. [381 

I n  d e s c r i b i n g  t h e  r e a l  i zed measurement 
c a p a b i l i t i e s  o f  t h e  D i v i s i o n ,  I w i l l  r e s t r i c t  
t h e  d i scuss ion  t o  t h a t  o f  t he  performance o f  
ou r  severa l  sources. The reason i s  t h a t  t h e  
q u a l i t y  o b t a i n a b l e  from ou r  broadcasts s t r o n g l y  
depends on t h e  u s e r ' s  c i rcumstances. 
q u a l i t y  f i n a l l y  ob ta ined  w i l l  depend on a t  
l e a s t  f o u r  f a c t o r s :  1 . )  t he  u s e r ' s  l o c a t i o n  
w i t h  respec t  t o  t h e  t r a n s m i t t e r ;  2 . )  t h e  
q u a l i t y  o f  h i s  r e c e i v i n g  equipment; 
s k i l l ;  and 4.) t h e  amount o f  t ime  he i s  
w i l l i n g  t o  spend averag ing  t h e  s i g n a l .  

The exper imental  and t h e o r e t i c a l  ab i  1 i ty  
t o  c h a r a c t e r i z e  f requency standards has grown 
tremendously ove r  t h e  years  as has t h e  q u a l i t y  
o f  these standards.  The NBS has p layed a s i g -  
n i f i c a n t  p a r t  i n  t h i s  development. Advance- 
ments i n  t h e  s t a t e  o f  t h i s  sc ience have been 
p a r t i c u l a r l y  g r e a t  s i n c e  t h e  i n t r o d u c t i o n  o f  
atomic o s c i l l a t o r s .  
t h e  reader  w i l l  n o t i c e  t h a t  no one t ype  o f  
o s c i l l a t o r  can be s a i d  t o  have the h i g h e s t  
q u a l i t y .  Qual i t y  depends upon t h e  averag ing  
t ime, T ,  i n  which t h e  use r  i s  i n t e r e s t e d .  
Fo r  example, i n  t h e  range 1 5 T 5 l o 3  seconds, 
t h e  superconduct ing c a v i t y  o s c i l l a t o r  i s  
s u p e r i o r  t o  any o t h e r  known t ype  o f  dev ice .  
On t h e  o t h e r  hand, f o r  averag ing  t imes o f  
months and years,  t h i s  t ype  o f  o s c i l l a t o r  
would p robab ly  n o t  be as good as the  cesium 
dev ice .  I say probably,  because such exper-  
iments have n o t  y e t  been t r i e d .  

I n  f i g u r e  6, t h e  0 ( T )  versus T curves o f  
f o u r  types o f  dev i cesY in  o p e r a t i o n  a t  NBS 
a r e  shown.' The d o t t e d  curve  shows t h e  
proven c a p a b i l i t y  o f  ou r  measurement system, 

s p e c i f y i n g  t h e  q u a l i t y  o f  t he  b e s t  o s c i l l a t o r  
which we cou ld  now measure if an o s c i l l a t o r  
of such q u a l i t y  ex i s ted .  

To o u r  knowledge, no o t h e r  measurement 
system e x i s t s  which i s  t h e  equal o f  t h i s  
ove r  the  range i n d i c a t e d .  
shown a r e  good approx imat ions  o f  t h e  s t a t e -  
o f - t h e - a r t  f o r  each o f  these types o f  dev ices .  

Th is  may be 

c o n s u l t a t i o n  

The 

3.) h i s  

R e f e r r i n g  t o  f i g u r e  3, 

The f o u r  curves 

'Ac tua l l y ,  t h e  superconduct ing c a v i t y  o s c i l -  
l a t o r  i s  n o t  y e t  i n  o p e r a t i o n  and t h e  cu rve  
shows o n l y  ou r  expec ta t i on  o f  i t s  performance. 
The dev i ce  shou ld  be opera t i ng  w i t h i n  s i x  
months t o  a yea r .  
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Over t h e  ranges i n  which each t ype  o f  dev i ce  
i s  super io r ,  we know o f  no o t h e r  t ype  o f  de- 
v i c e  which i s  b e t t e r .  
r e i t e r a t e  t h a t  t h e  p resen t  d e f i n i t i o n  o f  
t ime i n t e r v a l  ( f requency)  i s  i n  terms o f  a 
c e r t a i n  t r a n s i t i o n  of t h e  cesium atom, wh ich  
i s  t h e r e f o r e  t h e  b a s i s  f o r  f requency  accuracy.  
(The reader  may w ish  t o  re read  t h e  d i s c u s s i o n  
o f  accuracy i n  sec. 2.3.) 

The p r imary  standard,  NBS-5, w i t h  es t imated  
accuracy between 1 and 2 p a r t s  i n  i s  
o u r  phys i ca l  r e a l i z a t i o n  caf t h e  d e f i n i t i o n  o f  
f requency. I t  i s  essent ia1)y equal i n  accu- 
r a c y  t o  t h e  b e s t  two o t h e r  p r imary  standards 
i n  t h e  wor ld .  (See sec. 2.2.2.) 

It i s  impor tan t  t o  

l(5) 

F ig .  6: Time-domain behav io r  o f  NBS sources 
and measurement system 

Consider now t h e  frequency-domain s tab i1 i t . y  
measure, S y ( f ) .  
beyond about  100 Hz, ou r  c a p a b i l i t y  i s  n o t  as 
good as i t  needs t o  be. The upper two curves 
of f i g u r e  7 show t h e  range o f  q u a r t z  o s c i l -  
l a t o r  s t a b i l i t i e s  t h a t  we a r e  o f t e n  asked 
t o  measure. Beyond about 100 Hz, f o r  t h e  
- b e s t  o s c i l l a t o r s ,  ou r  measurement system i s  
a l i m i t a t i o n .  The o s c i l l a t o r s  were a t  l e a s t  
as good as ou r  measurement c a p a b i l i t y  and 
perhaps b e t t e r .  [73,443 

system s u p e r i o r  t o  o u r  own, ou r  c a p a b i l i t y  
i s ,  i n  p a r t ,  inadequate, and we a r e  a t tempt -  
i n g  t o  improve i t . 

a l  Measurement System, I have n o t  d w e l t  on 
. t h e  a c t u a l  performance i n  terms o f  S ( f ) .  A 

d e s c r i p t i o n  i n  terms o f  u (T) i s  u s u a l l y  

adequate. There a r e  cases, however, when a 
S ( f )  d e s c r i p t i o n  i s  a t  l e a s t  h e l p f u l  and 
Y 

perhaps i n d i s p e n s i b l e .  One such case i s  f o r  
p r imary  s tandard  research  and development. 
The measurement o f  S y ( f )  bo th  inc reases  t h e  

For F o u r i e r  f requenc ies ,  f, 

A l though we know o f  no o t h e r  measurement 

- - _-.__ 

I n  r e p o r t i n g  t h e  c a p a b i l i t y  o f  t h e  Nat ion-  

Y 

Y 
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unders tand ing  of t h e d e v i c e  and he lps  i n  i t s  
o p t i m i z a t i o n  151. A second occas ion  i s  f o r  
f requency  m u l t i p l i c a t i o n  o f  v e r y  h i g h  order ,  
such as t h a t  between t h e  microwave and i n f r a -  
r e d  ranges, a l ready  proven t o  be o f  g r e a t  
importance t o  met ro logy  [16, 171. When t h e  
m u l t i p l i c a t i o n  i s  of h i g h  order ,  measurements 
o f  S ( f )  o f  t h e  lower - f requency  o s c i l l a t o r  
a r e  Y most u s e f u l  I39,  40, 411. 

I 0 30' 1 da 
' ( " I )  

IO2 
- 1 6  

F ig .  7 Frequency-domain behav io r  o f  NBS 
sources and measurement system 

The D i v i s i o n ' s  a c t i v i t i e s  shou ld  a l s o  be 
examined f rom t h e  v iewpo in t  o f  t h e  Supp l i e r /  
Users m a t r i x  o f  s e c t i o n  2.5. I n  row 6 ,  w i t h  
NBS as t h e  s u p p l i e r ,  t h e  reader  w i l l  observe 
some l e t t e r s .  They a r e  t h e  o u t p u t  ca tegor ies  
l i s t e d  i n  t h i s  s e c t i o n  and i n  Sec t ion  2.5.1.1). 
I n  those cases where more than  one l e t t e r  
appears, t h e  f i r s t  rep resen ts  t h e  o u t p u t  upon 
wh ich  t h e  two d e s c r i p t o r s  were eva lua ted .  
(See sec. 2.5.1.2.1.) 
g iven ,  t h e  a d d i t i o n a l  l e t t e r ( s )  r e p r e s e n t  
ou tpu ts  wh ich  a re  t o o  s i g n i f i c a n t  n o t  t o  

When two o r  more a r e  

ment ion.  
I have, f o r  convenience, aga in  l i s t e d  some 

o f  t h e  areas i n  wh ich  t h e  D i v i s i o n  i s  i nvo l ved .  
The s e c t i o n s  i n  wh ich  t h e  d i scuss ions  appear 
a r e  g i v e n  .~ p a r e n t h e t i c a l l y .  -- 

- Custody o f  n a t i o n a l  standards (2.2.2 
2.3, 4.1) 

- The i n t e r n a t i o n a l  measurement system 
(2.4.1) 

- R e l a t i o n s h i p  t o  o t h e r  c e n t r a l  standards 
a u t h o r i  t i e s  (2.4.1 ) - S t a t e  and l o c a l  o f f i c e s  o f  we igh ts  and 
measures (2.4.2) 

- Regu la to ry  agencies (2.4.2, 2.4.4) 
- R e l a t i o n s h i p  t o  lower  eche lon  c a l i b r a -  

t i o n  l a b o r a t o r i e s  and se rv i ces  (2.4.3, 
2.5.2.1) 



- 

- 

4.2.2 

Role i n  the dissemination and enforce- 
ment network ( 2 . 4 ,  2 .5 ,  4 . 1 )  
Support of science,  education, and the  
dissemination of knowledge (2.2.5,  
3.1 . l )  

Users of NBS Services 

The users of the  NBS standard T&F broad- 
casts are numerically our most important 
c l i e n t e l e .  Moreover, as shown i n  sect ions 
4.1, 4.2.1, and 4.2.3, the  broadcasts a r e  
s t rongly t i e d  t o  the  primary standards and 
the  time sca le .  T h u s ,  the  services  of the 
primary standard and t h e  time sca le  a r e  made 
widely ava i lab le .  This sect ion will  be con- 
f ined t o  the users of s t a t i o n s  W W V ,  WWVHYtand 
to  the NBS telephone time-of-day service.  

O f  the three NBS broadcast stations--WWV, 
WWVH,  and WWVB--station WWV has, by f a r ,  the 
most users with such widely varied applica- 
t ions  t h a t  i t  i s  nearlv imDossible t o  obtain 

- Standard Frequency 
- D U T  1 values ( D U T  1 i s  the difference 

between a mean soZar t ime known as  UT1 
and an atomic time containing "leap" 
second adjustments which i s  known as  
U T C )  

- Weather 
- Geoalerts 
- Propagation Forecasts 

The questionnaire asks about degree of use 
and degree of importance f o r  each of these- 
categories .  (For the category of standard 
frequency, i t  asks the same f o r  each of the 
c a r r i e r  f requencies . )  The user i s  asked to  
ident i fy  both his organizational a f f i l i a t i o n  
and h is  pr inc ip le  appl icat ion f o r  the  T&F 
service.  Among the other  questions asked i s  
the degree of adequacy of the accuracy of the 
service.  

Degree of use, importance, and accuracy 
were each t o  be judged i n  one of four possible  

a cmprehensive understanding of them. Never- q u a l i t a t i v e  categories .  For degree of use . 
the less ,  the- Division has completed an attempt t h e  cateqories  a r e  f requent ly ,  sometimes, 
t o  do just this ,  w i t h  a s ide  benefi t  of an 
increase of the overall  perspective of the  
National Measurement System f o r  T&F. In 
this sect ion I attempt t o  summarize the 
results of t h e  questionnaire sent t o  survey 
t h e  users of the radio s t a t i o n  services.  
The questionnaire i s  reproduced as  appendix 
A.3. , and complete r e s u l t s  and discussion 
given i n  reference 42. ) 

Beginning on January 20, 1975, a question- 
na i re  was sent out t o  obtain information 
about t h e  users of WWV and WWVH.  I t  attempts 
t o  determine who uses these s t a t i o n s ,  which 
of t h e  s e v e r a l e r v i c e s  they use,  and f o r  what 
appl icat ions they use t h e m .  
questionnaires were completed and returned. 

A t  the  present time both WWV and W W V H  
transmit e ight  categories  of information: 

- Time of Day: Voice 
- Time of Day: BCD Code 
- One second t icks  

Twelve thousand 

'The s t a t i o n s  WWV and WWVH perform another 
service which i s  not d i r e c t l y  re la ted  t o  
T&F b u t  which i s ,  nonetheless, quite impor- 
t a n t .  
quency leave the t ransmi t te rs  a t ' a  f ixed 
power leve l .  T h u s ,  a monitoring of the 
broadcasts versus time gives a person a 
good measure of the propagation conditions 
over t h i s  path and f o r  these frequencies.  
I t  i s  the grea t  r e l i a b i l i t y  of our broad- 
c a s t  operations t h a t  allows this function 
t o  be served. 

The s igna ls  broadcast a t  each f r e -  

r a r e l y ,  never. 
t h e  categories  a re :  very important, somewhat 
important, r e l a t i v e l y  unimportant, very un-  
important. For accuracy they are:  more than 
adequate, adequate, marginal, useless .  The 
r e s u l t s  a r e  displayed in  tab les  5,  6 ,  and 7. 

Table 5 quant i f ies  t h e  re la t ionship  between 
the e ight  broadcast services  and the 14 organ- 
izat ional  a f f i l i a t i o n s  w i t h  respect  t o  the 
degree of use of t h e  serv ice .  
f o r  quant i f icat ion i s  t o  assign the  value,  0 ,  
t o  each "never" response, t h e  value, 1 ,  t o  
each " rare ly" ,  2 t o  "sometimes", and 3 t o  
"frequently.  I' 
f o r  each of the e ight  services  and f o r  each 
of the  14 a f f i l i a t i o n s  - 112 p o s s i b i l i t i e s  
in  a l l .  The sums f o r  each a f f i l i a t i o n  a r e  
then divided by the t o t a l  number of respond- 
en ts  having t h a t  a f f i l i a t i o n .  The r e s u l t ,  
necessar i ly ,  i s  a number lying between 0 and 
3. These values appear in  the individual 
elements of the matrix.  ~ 

I t  i s  a l so  des i rab le  t o  have an overal l  
view of the  use of each serv ice .  T h i s  was 
obtained f o r  each service by adding a l l  the  
values f o r  t h a t  service and dividing by the  

For degree of importance 

The  procedure 
__ 

These values a r e  then summed 

*In  "Standard Frequency" I include the  
c a r r i e r  frequencies themselves and the  audio 
frequencies of 440, 500, 600, and 1000 Hz 
(1200 Hz a t  W W V H ) .  The c a r r i e r  frequencies 
a r e  2.5, 5. 10. 15, 20, and 25 MHz. 
'The reader should very carefu l ly  note the 
non-l inear i ty  of this scale .  A l i n e a r  sca le  
would be more des i rab le  b u t  who knows how t o  
quantify q u a l i t a t i v e  judgment? 

- .  
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t o t a l  number of respondents. These r e s u l t s  
are l i s ted  i n  parentheses following the Ser- 
vice i n  the  l e f t  column. Also appearing i n  
the matrix,  beside the column l a b e l s ,  a r e  
the t o t a l  number of respondents f o r  each 
a f f i  1 i a t i  on. 

Summarizing the  " r e l a t i v e  use" data:  
a whole, the three  most-used services  a r e  
voice announcements of time-of-day, one 
second " t i c k s " ,  and standard frequencies.  Of 
those,  voice TOD is  by f a r  the  most used. 
Those a f f i l i a t i o n s  whose use deviates  s i g n i f -  
i can t ly  from the  average a r e  a l so  apparent. 
Looking a t  the d is t r ibu t ion  of respondents 
as  a function of a f f i l i a t i o n ,  the r e s u l t  
seems cons is ten t  with o ther  things we know 
about the  National Measurement System f o r  
Time and Frequency. 
i s  very la rge ,  probably because i t  contains 
a grea t  many amateur radio operators .  Other 
information has indicated t h a t  there  a r e  
hundreds of thousands of amateurs. 

This same procedure was followed i n  terms 
of r e l a t i v e  importance. The r e s u l t s  were so 
c lose  t o  those of r e l a t i v e  use ( t a b l e  5) t h a t  
I have not displayed them. 

Uxing th i s  same quant i f icat ion sca le  ( 0  
to  31, the question of adequacy of accuracy 
was studied. (See t a b l e  6 . )  Probably the 
most important s ing le  conclusion is  t h a t ,  
f o r  the  majority of users ,  the accuracy is  
a t  l e a s t  adequate. I t  would be nice t o  know 
about the adequacy of accuracy of & o f  the 
e i g h t  services ,  b u t ,  t o  reduce the  complexity 
of the  questionnaire,  i t  was decided to  sim- 
p l i f y  by generalizing about a l l  the serv ices .  

The response to  ahe use of the  s i x  c a r r i e r  
frequencies shows t h a t  5, 10, and 15 MHz a r e  
by f a r  the most used, w i t h  10 MHz being the 
most used of a l l .  

The appl icat ions t o  wh'ich T&F a r e  p u t  
a r e  shown i n  t a b l e  7. The respondents 
general ly  checked more than one "principal 
use; so t h a t  the t o t a l  is over 29,000. 

The NBS telephone time-of-day service 
was a l so  investigated i n  the  questionnaire.  
This revealed t h a t  a s i g n i f i c a n t  number of 
phone c a l l s  come from out  of s t a t e ,  mostly 
from the East Coast, b u t  some even come from 
out  of the country. 

information was made ava i lab le  from the  
Fort  Collins s t a t i o n s  via telephone. 
d ia l ing  303-499-7111, the user can hear 
the  WWV broadcasts.  

information was made ava i lab le  from the  
Fort Collins s t a t i o n s  v ia  telephone. 
d ia l ing  303-499-7111 the user can hear 
the  wwv broadcasts. 
t o  t a l l y  the c a l l s  and records were kept of 
the  number received per week. 

as  

The category of "other" 

_ _  ~ 

In the l a s t  quarter  of 1970, cer ta in  T&F 

By 

~~~ 

In the l a s t  quarter  of 1970, c e r t a i n  T&F 

BY 

Counters were i n s t a l  1 ed 

The r e s u l t s  

Table 6: 

Other 2.54 
Comm u n i c a t  i o ns 2.49 
University 2.47 

Adequacy of WWV-VH se rv ices  
t o  various users 

Shippi ng/Boating 
Gov't Mil. 
Avi  a t i  on 

2.43 
2.43 
2.42 

Seismol ogylGeophysi cs  
Telephone 2.40 
Navi g a t i  on 2.40 

2'41 +Avg. 2.41 

Equip. Mfg. 
Gov.'t. C i v .  
Pleasure Boating 

2.40 
2.39 
2.39 

-~ 

Stds.  Labs 2.31 
Elec t r ic  Power 2.29 

Table 7: Distr ibut ion of respondents 
by principal use 

No. of people responding 
t h a t  a given use charac- Principal 

Use t e r i z e s  t h e i r  use 
Calibration of Watches/ 

Clocks 7149 
Amateur Radio 3995 
Instrument Cali bration 3358 
Propagation Forecasts 2793 
Navigat i on/Posi t i  on 

Location 251 3 
Storm Warnings 2468 
Hobby (o ther  than ama- 

teur radio)  1813 
Communications Systems 1810 
Geoal erts 1170 
Astronomy 842 
S c i e n t i f i c  Data Monitoring 641 
Rocket /Satel l i te  Tracking 287 
Other 260 

a r e  shown i n  f igure  8. Two t h i n g s  should be 
noted about the f igure :  f i r s t ,  the growth 
i n  use has been rapid and, apparently,  i s  
s t i l l  continuing; and second, the absolute 
number of c a l l s  i s  quite impressive, present ly  
r u n n i n g  about 17,000 per week. We est imate  
t h a t  the  t o t a l  number of c a l l s  f o r  the whole 
of 1975 wil l  be about one mil l ion.  

All i n  a l l ,  I t h i n k  i t  can be sa id  t h a t  
the NBS broadcasts and the telephone serv ices  
have a la rge  audience and many of these users 
appear t o  use the  services  as par t  of other  
important technologies.  

4 3  
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Figure 8: 
Time-of Day service (303-499-7111) 

Calling r a t e  f o r  E 

( A  subsidiary b u t  important function o f  the  
s t a t i o n s  WWV - l l W V H  i s  t h e i r  re la t ionship  
t o  measurement and prediction of radio pro- 
pagation conditions [ 45 ] ) .  

4.2.3 Alternate  Sources 

The NBS time and frequency services  have 
been extensively d i s y s y e d  i n  sect ion 4.2.1.  

For the-present purposes, i t  i s  useful t o  
general ize  a b i t  on what was said there .  In 
considering a1 te rna t ives  I describe the 
Divis ion 's  a c t i v i t i e s  i n  three  major categor- 
i e s :  f i r s t ,  broadcast o f  standard T&F,  
e s s e n t i a l l y  the  same as  "Signal" in  sect ion 
4.2.1; second, s t a b l e  and accurate  sources 
of T & F ,  roughly equal to  "Source" of 4.2.1 ; 
and t l ,< ;d ,  research and development of 
dissemination-reception means f o r  T&F,  com- 
bining "Receiver" and "Dissemination Means'' 
of t h a t  sec t ion .  
"Consult" a r e  included in  varying degrees in  
each of the three.  

The "Tisteners" to  our broadcast services  
c l e a r l y  predominate numerically . 
l a rge  majority,  t h e  q u a l i t y  of the sources 
upon which our broadcasts a r e  ul t imately 
based i s  not a major considerat ion.  (See 
sec .  4 .2 .2 . )  I wi l l  explain and then con- 
s ider  the need f o r  a central  agency which 
develops and operates very accurate  ( a s  well 
as  s t a b l e )  standards o f  T&F.  The discussion 
of these f i r s t  two services  wil l  show the 
need f o r  research and development in  dissem- 

The terms "Publish" and 

For the  

ination-reception. The point i s  t h a t  there  
i s  a need f o r  a central  agency which attempts 
t o  oversee the e n t i r e  spectrum of T&F tech- 
nology. This point of view i s  the  one from 
which the subject  of a1 te rna t ives  t o  NBS 
services  i s  best  considered. 

4.2.3.1 Eroadcasts 

We should separately consider the standard 
frequency and time interval  services  from 
those of date .  The broad u t i l i t y  of the f r e -  
quency services  provided by the  NBS broad- 
c a s t s  have been adequately covered i n  sec- 
t ions  4.2.2, 2.4 and 2.5. We should consider 
however, whether some other  organization 
might not provide the same serv ice  on a more 
economical bas i s .  I t  would be possible  t o  
simplify the  operation f o r  the  vast  majority 
of users of the frequency and time interval  
par t s  of our broadcasts,  and the s implif ica-  
t ion  would make a small reduction i n  the  
cos t  of operation. 
broadcasts could be based on three commercial 
cesium standards such as is  being done i n  
t h e  new AT&T system (see  sec .  2.5.2.3). There 
would be no need f o r  reference t o  a primary 
standard,  and the accuracy o f  such a system 
would be about 1 x 10 l l .  For almost a l l  
users,  the  received accuracy and s t a b i l i t y  
would be a s  good as  i t  is now. However, f o r  
those who need frequency accuracy grea te r  
than 1 x lo-" the  control of the  broadcasts 

For these users the  
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by a p r imary  f requency standard i s  i nd i spen-  
s i b l e .  

Standard t ime  i n t e r v a l s  o f ,  f o r  example, 
a few seconds t o  a few yea rs  cou ld  a l s o  bel 
generated t o  an accuracy o f  about 1 x 10- 
w i t h o u t  a p r imary  standard.  Thus, over  a 
whole y e a r ' s  t ime, t h e  probab le  accumulated 
t ime  e r r o r  would be a few hundred mic ro-  
seconds. On t h e  o t h e r  hand, a t ime  sca le  
formed from a ve ry  s o p h i s t i c a t e d  ensemble o f  
commercial cesium standards,  and c a l i b r a t e d  
by a p r imary  standard,  can keep t ime  t o  a 
few microseconds over  a yea r .  

There a r e  o t h e r  c o u n t r i e s  w i t h  s tandard  
T&F broadcas t  s t a t i o n s  s i m i l a r  t o  WWV.  O f  
these, Canada and Great B r i t a i n  r a d i a t e  
s i g n a l s  wh ich  a r e  o f  usab le  s t r e n g t h  i n  
r e s t r i c t e d  p o r t i o n s  o f  t h e  U.S. 
Navy opera tes  severa l  s tandard  T&F b,roadcast 
s t a t i o n s ,  one o r  more o f  which i s  n e a r l y  
always access ib le  anywhere i n  t h e  U.S. How- 
ever,  t h e  fo rmat  o f  t h e  Navy's broadcasts 
and t h e  n a t u r e  o f  t h e i r  b roadcas t ing  schedule 
make them o f  s i g n i f i c a n t l y  l e s s  general  use 
than those o f  WWV, WWVH, and WWVB. 

Date i s  based on t h e  angu la r  p o s i t i o n  o f  
t h e  e a r t h  w i t h  respec t  t o  o t h e r  c e l e s t i a l  
bodies.  It i s  a tomic- t ime keepers who b e s t  
know how l a r g e  t h e  second i s  b u t  i t  i s  
astronomers who b e s t  know what t h e  da te  i s .  
By c o l l a b o r a t i n g  w i t h  some group t h a t  makes 
t h e  proper  as t ronomica l  observa t ions ,  an 
adequate ly  s t a b l e  e l e c t r o n i c a l l y - b a s e d  t ime  
s c a l e  can be c a l i b r a t e d  t o  y i e l d  date.  The 
BIH coo rd ina tes  t h e  as t ronomica l  measurements 
o f  severa l  l a b o r a t o r i e s  t o  p r o v i d e  t h e  b e s t  
es t ima te  o f  date.  

Because o f  t h e  ex i s tence  o f  commercial 
cesium standards i t  would be p o s s i b l e  t o  
opera te  such a s t a t i o n  w i t h o u t  access t o  a 
p r imary  standard.  Th is  means t h a t  a non-NBS 
opera ted  s e r v i c e  would s a t i s f y  most users .  
The c o n t r o l  o f  t h e  broadcas ts  by a p r imary  
s tandard  i s ,  however, wor th  i t s  cos t ,  which 
I hope t o  make c l e a r  i n  t h e  n e x t  sec t i on .  
Assume f o r  t h e  moment t h a t  t h i s  t r u e  and 
a l so ,  t h a t  NBS i s  t h e  o r g a n i z a t i o n  b e s t  
s u i t e d  f o r  deve lop ing  and opera t i ng  a p r imary  
standard.  The p o i n t  t o  be cons idered then 
i s  n o t  whether somebody e l s e  should r u n  t h e  
broadcas t  se rv i ces ,  b u t  r a t h e r ,  can NBS r u n  
them a t  lower  c o s t  f o r  t h e  same o r  b e t t e r  
se rv i ce?  D i v i s i o n  personnel  b e l i e v e  t h a t  
t h e  answer t o  t h i s  i s  yes,  and I discuss  
t h i s  f u r t h e r  i n  sec t i ons  4.4 - 4.5. 

The U.S. 

4.2.3.2 Accura te  Standards 

The importance o f  accuracy cen te rs  on t h e  
need f o r  c o o r d i n a t i o n .  Sometimes i t  i s  
c o o r d i n a t i o n  i n t e r n a l  t o  an o rgan iza t i on ;  
sometimes i t  i s  c o o r d i n a t i o n  between organ- 
i z a t i o n s  o r  between f u n c t i o n s .  An example 

o f  an i n t e r n a l  need f o r  c o o r d i n a t i o n  i s  t h e  
f requency d i v i s i o n  m u l t i p l e x i n g  system o f  
AT&T. 
re fe rence  (see sec. 2.5.2.3) p rov ides  i s  a 
s i g n a l  whose frequency i s  h i g h l y  i n v a r i a n t  
w i t h  t ime. 
e s t a b l i s h e s  a l i m i t  upon how f a r  t h e  f requency  
i s  l i k e l y  t o  d r i f t  i n  long-term. 

i s  t h e  r e c e n t  i m p r o t m e n t  i n  t h e  knowledge o f  
t h e  speed o f  l i g h t  [16]. 
r e s t s  on an endur ing  r e l a t i o n s h i p  between t h e  
u n i t  o f  f requency and t h e  u n i t  o f  l eng th ,  so 
t h a t  accuracy i s  aga in  needed. 

D e f i n i t i o n s  o f  phys i ca l  u n i t s  i n  terms o f  
n a t u r a l  i n v a r i a n t s  such as t h e  " c l o c k  t r a n s -  
i t i o n "  i n  cesium p o t e n t i a l l y  a l l o w s  c l o s e r  
c o o r d i n a t i o n  between o r i g i n a l l y  independent 
systems. As a h y p o t h e t i c a l  example, cons ide r  
t h e  p o s s i b l e  coopera t i on  between AT&T and 
t h e  p o s i t i o n  l o c a t i o n  i n d u s t r y .  The AT&T 
frequency e q u a l i z a t i o n  system i s  based on 
cesium standards as i s  some o f  t h e  p o s i t i o n  
l o c a t i o n  i n d u s t r y .  Because bo th  systems 
depend upon standards whose abso lu te  f r e -  
quency i s  h i g h l y  i n v a r i a n t ,  t h e r e  i s  a poten- 
t i a l  f o r  an e f f i c i e n t  c a l i b r a t i o n  se rv i ce .  
The telephone system cou ld  serve  t o  check 
f requency  e q u a l i t y  between i s o l a t e d  standards 
w i t h i n  t h e  p o s i t i o n  l o c a t i o n  network.  

I n  p r a c t i c e ,  t h e  g r e a t e r  t h e  accuracy o f  
i n d i v i d u a l  o s c i l l a t o r s ,  t h e  l e s s  t h e  amount 
o f  communication needed t o  ach ieve  and main- 
t a i n  a g i ven  l e v e l  o f  f requency  and t ime  
c o o r d i n a t i o n  between them. The ex i s tence  o f  
a p r imary  s tandard  - a s tandard  whose abso- 
l u t e  f requency i s  known much b e t t e r  than t h a t  
o f  commercial standards - serves as a check 
upon t h e  accuracy c la ims  o f  commercial stand- 
ards.  A p r imary  standard shou ld  have an 
accuracy which i s  a t  l e a s t  an o rde r  o f  mag- 
n i t u d e  b e t t e r  than t h e  accuracy o f  t h e  dev ices  
wh ich  i t  i s  checking. Th is  n o t  o n l y  inc reases  
t h e  b e l i e v a b i l i t y  o f  t h e  r e s u l t s ,  bu t ,  because 
i t s  s t a b i l i t y  i s  a l s o  a t  l e a s t  t h i s  good, t h e  
d i f f i c u l t y  o f  making t h e  measurements i s  a l s o  
decreased. 

Th is  a l l ows  me t o  r e t u r n  t o  t h e  s u b j e c t  o f  
c o n t r o l l i n g  t h e  broadcasts o f  a T&F s t a t i o n  
w i t h  a p r imary  standard.  For those who a r e  
a t tempt ing  t o  h o l d  f requency e q u a l i z a t i o n  t o  
t h e  l i m i t s  o f  t h e  accuracy o f  commercial 
cesium standards,  re fe rence  t o  such a s t a t i o n  
i s  an impor tan t  c ross  check. 

The l e v e l  o f  accuracy and s t a b i l i t y  pos- 
sessed by some users i s  h i g h  enough t h a t  
access t o  a p r imary  s tandard  i s  ve ry  impor- 
t a n t .  For some, access v i a  r a d i o  b roadcas t  
i s  s u f f i c i e n t .  For  o the rs ,  a c a l i b r a t i o n  a t  
t h e  s i t e  o f  t h e  p r imary  standard i t s e l f  may 
be necessary. 
which cou ld  more economica l l y  develop, main- 
t a i n ,  and - i f  necessary - improve t h e  p r i -  

One major  t h i n g  t h a t  t h e i r  new atomic 

The reason i s  t h a t  accuracy 

An example o f  c o o r d i n a t i o n  between f u n c t i o n s  

Th is  measurement 

I s  t h e r e  any o t h e r  o r g a n i z a t i o n  
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mary standard? I contend t h a t  no private 
organization attempting t o  make a p r o f i t  
would take on the  task of the primary stand- 
ard: the  cos ts  a r e  too high and the poten- 
t i a l  market i s  too small because the value 
of the  primary standard tends to  be i n  i t s  
long-term e f f e c t s  upon T&F technology. T h u s ,  
i t  is  d i f f i c u l t  t o  pr ice  the  service high 
enough t o  make a p r o f i t  i n  shor t  term. The 
primary standard of frequency i s  a c l a s s i c  
example of what economists c a l l  a "co l lec t ive  
good". I have not excluded, of course,  the  
p o s s i b i l i t y  t h a t  some other  governmental o r  
pr iva te ,  non-profit ,  organization might more 
economically do the job. In the absence of 
evidence t o  the  contrary,  however, I contend 
t h a t  the whole concept of primary standards 
i s  most " a t  home" a t  NBS. I t  i s  d i f f i c u l t  
t o  believe t h a t  some other  organization could 
do a s  good a job a t  a lower c o s t .  

4.2.3.3 Di semination-Reception Research 
and Development 

There a r e  a multi tude of appl icat ions f o r  
T&F. 
format of the NBS s t a t i o n s  tend t o  be optimum 
f o r  serving these appl ica t ions ,  b u t  some 
users a r e  not adequately served. 
important p a r t  of t h e  mission of this 
Division to  improve the means by which we 
can serve the user E, by which he can serve 
himself. Sometimes this e f f o r t  takes the  
d i rec t ion  of t rying t o  improve access 
(remote access)  t o  the primary standard and 
the  time scale .  A t  o ther  times i t  i s  directed 
t o  reducing the c o s t  - in money and labor - 
the user must incur t o  ge t  the same q u a l i t y  
of T&F.  This se rv ice ,  therefore ,  becomes 
inseparable from the  two previously discussed 
services .  In f a c t ,  ny point i s  t h a t  a l l  
th ree  services  comprise an e n t i t y  t h a t  i s  
best described as  a "co l lec t ive  good". 

suppl ier  of the NBS serv ices ,  although there  
a r e  some changes i n  our resource a l loca t ions  
t h a t  could make us more cost  e f f e c t i v e .  I 
wil l  discuss t h i s  subject  i n  sect ions 4 . 4  
a n d  4 .5 .  

4.2.4 

The c a r r i e r  frequencies and broadcast 

I t  i s  an 

I d o n ' t  t h i n k  t h a t  there  i s  an a l t e r n a t i v e  

Funding Sources f o r  NBS Services 

We receive most of our funding from 
Congressional appropriations.  A minor 
amount of funding comes by t r a n s f e r  from 
other  government agencies o r  by reimburse- 
ments f o r  ca l ibra t ions  and s imi la r  services .  

4.2.5 Mechanism f o r  Supplying Services 

This subject  i s  discussed i n  g rea t  d e t a i l  
i n  sec t ions  2.4, 2.5, 4 .1 ,  4.2.1, 4.2.2, and 
4.2.3. 

4 . 3  Impact o f  NBS Services 

4.3.1 Economic Impact of Major User Classes 

4.3.2 Technological Impact of Services 

These two subjects  a r e  discussed i n  
sect ion 3.1. 

4.3.3 

and 

Pay-off From Changes i n  NBS Services 

This subject  i s  most believably considered 
by studying past  a c t i v i t i e s  ra ther  than spec- 
ulat ing about the fu ture .  Fortunately,  we 
a r e  i n  a good posi t ion t o  look back. 
best  two examples I can give of benefi t  from 
changes i n  se rv ice  a r e  w i t h  respect  t o  our 
broadcasts.  In sect ion 4.2.2 I discuss  the 
results of a cur ren t  study of users of our 
broadcasts.  
announcements of time-of-day and one second 
" t icks"  a r e  the two most highly used services  
of our broadcast s t a t i o n s .  The l a t t e r  se rv ice  
was added i n  1937 and the  former was added i n  
1950. Other addi t ions t o  our broadcasts have 
a l so  been favorably received. 

The 

The study shows t h a t  voice 

4.4 Evaluation of NBS Programs and 
4 . 5  The Future  

The h is tory  of NBS time and frequency 
programs i s  r e p l e t e  w i t h  many successes and 
some attempts i n  the  "other-than-successful" 
category. The development and documentation 
of NBS-4 and NBS-6 places these two devices 
among the  four  best  national standards in the 
world. 
technology from the microwave t o  the v i s i b l e  
and the measurement of the  ve loc i ty  of l i g h t  
have received continued h i g h  p ra i se  from 
s c i e n t i f i c  groups and our advisory panel. 
development of widespread radio dissemination 
and of the expansion of the types of se rv ices  
has received h i g h  ra t ings  from user groups 
and made time and frequency the  most accessible  
of the  fundamental standards.  

Because time and frequency a r e  used i n  so 
many places by so many people, and f o r  so 
many purposes, i t  is  not possible  t o  con- 
c i s e l y  describe t h e i r  importance t o  soc ie ty .  
The study of the National Measurement System 
f o r  Time and Frequency has attempted t o  en- 
compass the  broad spectrum of t h i s  technology 
by examining the  system from three  vantage 
points : 

The expansion of frequency measurement 

The 

1 . )  

2 . )  

3 . )  

:.he instrumentation which i s  the 
source of T&F 
the in te r re la t ionship  between 
suppliers and users of T&F 
several  of the  caZibration hierarchies 
which provide compatibil i ty between 
the many sources 
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Time and again,  in  each of these views, 
the economic aspects  of the  system emerge, 
along with the  f a c t  t h a t  the time and f r e -  
quency services  of the NBS a r e  absolutely 
essent ia l  t o  our technological society.  

there  i s  a logical  chain of a c t i v i t i e s  ex- 
t e n d i n g  from the operation and development 
of the  base standard to  the operation of an 
e f fec t ive  del ivery system f o r  T&F information 
to  the user community. Not only has the 
National Measurement System f o r  Time and 
Frequency Study ident i f ied  the present needs 
f o r  T&F,  i t  has ident i f ied  growing needs f o r  
the  fu ture .  T h u s ,  the  NBS programs must (and 
do) include s i g n i f i c a n t  elements designed to  
meet the needs o f  the  fu ture  as  well .  

In sect ion 2.5.1.2.3, I considered the  
l ikel ihood o f  three major changes in  the  
National Measurement System f o r  Time and 
Frequency: 

In order t o  provide these services  a t  a l l ,  

1 . )  A widespread network of clocks,  syn- 
chronized t o  about 1 t o  10 p seconds. 

2 . )  A low-cost, easy-to-use, means of 
obtaining frequeccy equal izat ion i n  
the range 1 x 10 t o  1 x lo-". 

3 . )  A low-cost, very widely avai lable  
means of obtaining time-of-day t o  an 
accuracy of about 0.1 seconds. 

The t h i r d  area of probable change could 
well force  some modifications i n  t h e  del ivery 
of time-of-day within the telephone system. 
I t  m i g h t  a l so  require  some additional re -  
sources on the par t  of NBS. The solut ion 
to  this problem i s ,  however, well within the 
present technology and wil l  ( i f  i t  a r i s e s )  
be primarily an economic problem. 

The current  di ssemination-reception work 
i n  the  Division i s  qui te  cons is ten t  w i t h  
the f i r s t  two trends i n  t h e  system. I t  
appears t h a t  the  current  program t o  provide 
standard T&F broadcasts via s a t e l l i t e  would 
go a long way toward accommodating the f i r s t  
area of probable change. 
i t  would provide a general replacement f o r  
t h e  present broadcast services  a t  a much 
lower average year ly  cos t .  The present e s t i -  
mate i s  t h a t  the  average year ly  cos t  could be 
reduced, i n  the period around 1980, from 
about $1.5 x l o 6  to  about $4 x l o 5 .  
savings of about $1.1 x l o 6  would be of 
grea t  importance in  supporting other worthy 
programs w i t h i n  the Division. 

addressed by one cur ren t  program and qnother 
which will soon begin. The very important 
r e s u l t s  already obtained w i t h  the TV "color 
burst"  technique should be of great  u t i l i t y  
here. [38] This work - l i k e  t h a t  on the  
s a t e l l i t e  broadcasts - i s  another good ex- 

In addition to  t h i s ,  

This 

The second area of probable change i s  being 
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G p l e  of being aware of and making use of a 
dissemination system, some o f  whose propert ies  
a r e  superior  t o  those of our broadcast s t a -  
t i o n s .  In addition to  t h i s  continuing pro- 
j e c t ,  the Division i s  about to  commence work 
on a f e a s i b i l i t y  study f o r  a low-cost, 
medium-accuracy o s c i l l a t o r .  

We have a coherent Division program which 
both addresses current  needs and i s  directed 
towards the  probable future:  

1 . )  The maintenance and operation of the  
primary frequency standard and the 
time sca le .  

2 . )  The maintenance and operation of the 
three  broadcast s t a t i o n s .  

3 . )  Research and development on a possible 
standard T&F broadcast se rv ice  via 
s a t e l l i t e .  

4 . )  Primary standard research and develop- 
ment. 

5 . )  Further development upon and encourage- 
ment of the use of the TV "color burst" 
technique. 

6 . )  Feas ib i l i ty  s tud ies  f o r  a low-cost, 
medium-accuracy osci 11 ator :  the 
" u t i l i t y "  standard.  

7 .  ) Further tes t ing  , and possible encourage- 
ment of the use o f ,  a technique f o r  
evaluating two major systematic e r rors  
i n  beam-type atomic frequency standards.  

8 . )  Automation of the broadcast s t a t i o n s .  
9 . )  A search f o r  new methods f o r  improving 

T&F dissemination. 

Areas 1 and 2 a r e  our respons ib i l i ty  both 
by law and by h is tor ica l  involvement. Pos- 
s i b l y  the l a t t e r  i s  an even more powerful 
force  f o r  our continued e f f o r t s .  In the  
case of a reduction in funds, these two areas  
should be the  l a s t  t o  go. 

The s a t e l l i t e  broadcast service,  i f  imple- 
mented, would be doubly important; i t  would 
s igni f icant ly  reduce the cost  burden f o r  an 
essent ia l  service,  and a l so  provide a time 
synchronization serv ice  highly compatible 
with the  f i r s t  area of probable change men- 
tioned previously. This work should have 
highest  p r i o r i t y  a f t e r  our legal ob l iqa t ions .  

Research in to  b e t t e r  primary standards i s  
an essent ia l  investment i n  the fu ture .  Here, 
the word "be t te r"  should include ease of use 
as  well as  higher s t a b i l i t y  and accuracy. 
We strongly f e e l ,  however, t h a t  no construction 
plans should be made f o r  a replacement f o r  
the present standards (NBS-4 and NBS-6) f o r  
a t  l e a s t  two years.  And, only then i f  actual 
needs within the National Measurement System 
show t h a t  the  present standards a r e  becoming 
inadequate. 

The TV technique and the  u t i l i t y  standard 
have two strong s i m i l a r i t i e s .  The market f o r  
both wil l  probably be important by 1980. Both 
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i m p l i c i t  i n  much o f  what has been done f o r  
Years. Indeed, i t  would be q u i t e  s u r p r i s i n g  
(and even d e v a s t a t i n g ! )  i f  i t  were n o t  so. 

Even though e s s e n t i a l  concurrence i n  p ro -  
grammatic d i r e c t i o n s  was found, some new 

s i g n i f i c a n t l y  g r e a t e r  c r e d i b i l i t y  f o r  t he  
entire program has been achieved. 

Noteworthy i n  the  new d i r e c t i o n s  a l ready  
taken have been the increased broadcast 

for radio station WWVB, and Our 
efforts to reduce the Operating expenses at 
WWV/WWVH/WWVB. I n  t h e  f i r s t  instance,  i t  
was found t h a t  many users ( e s p e c i a l l y  e l e c t r i c  
power companies and s e i s m o l o g i s t s )  need t h e  
WWvB S igna ls  i n  a r e l i a b l e  and u n i n t e r r u p t e d  
fashion, and as a 
Was prov ided t o  a v o i d  t h e  former r o u t i n e ,  

second instance,  p lans t o  reduce cos ts  a t  
t h e  s t a t i o n s  a r e  be ing  undertaken which i n -  
v o l v e  a survey o f  t he  users,  i n i t i a t e d  as a 

Study. 
t o  revea l  f e a t u r e s  of ou r  se rv i ces  which can 
be d i scon t inued  w i t h  a n e t  Cost Saving. The 
survey i s  scheduled for completion by J u l y  1, 
1975, and p r e l i m i n a r y  r e s u l t s  a r e  a1 ready 
a v a i l a b l e .  

Our e f f o r t s  i n  s a t e l l i t e  t ime d i ssemina t ion  
and on a TV frequency t r a n s f e r  System Seem 
q u i t e  a p p r o p r i a t e  i n  l i g h t  o f  t he  s tudy.  I n  
general ,  t he  s tudy  g i ves  s t r o n g  evidence 
t h a t  i t  would be t o t a l l y  i nconce ivab le  f o r  

coord inated,  accurate,  and r e a d i l y  a v a i l a b l e  
t ime  and frequency s e r v i c e  l i k e  t h a t  p rov ided  
by the NBS- 

Z u l d  probably  be done by p r i v a t e  i n d u s t r y .  - 
We t h i n k ,  however, because of s k i l l s  a l r e a d y  
a v a i l a b l e  w i t h i n  t h e  D i v i s i o n  and because of  
economic cons ide ra t i ons  i n  p r i v a t e  i n d u s t r y ,  
t h a t  these a c t i v i t i e s  can be most e f f e c t i v e l y  

o f  our  program. 
As a p a r t  o f  t h e  e v a l u a t i o n  o f  t h e  present  

pr imary standards,  a new technique f o r  
e v a l u a t i n g  c e r t a i n  systemat ic  e r r o r s  i n  beam- 
t ype  frequency standards was developed. 
appears t h a t ,  us ing  t h i s  technique, commercial 
cesium standards can - i n  e f f e c t  - be made 
accu ra te  t o  b e t t e r  than 1 x 
technique should be f u r t h e r  evaluated. 
i n  fac t ,  t he  method i s  proven to be generally 
Useful ,  then i t  should be made a v a i l a b l e  t o  
those who can use i t . 
i n d u s t r y  i s  a l i k e l y  candidate.  A~~~~ 5, 6, of f - the-a i r -maintenance pe r iod .  I n  t h e  
and 7 i n  t h e  above l i s t  a r e  a l l  e x c e l l e n t  
examples of t h e  " c o l l e c t i v e  goodl' nature of 
ou r  work. 

save a l o t  o f  money i n  the  n e x t  two t o  e i g h t  
yea r  pe r iod .  
( p o s s i b l e )  a c t i v i t y  lower  p r i o r i t y  than t h e  
s a t e l l i t e  Work, because we b e l i e v e  t h a t  s a t e l -  
l i t e  broadcasts w i l l  prove cons ide rab ly  
s u p e r i o r  t o  land-based broadcasts bo th  i n  
o v e r a l l  c o s t  and i n  q u a l i t y .  

t o  be o t h e r  d i ssemina t ion  methods showing 
more promise than those now under s tudy 
e i t h e r  by NBS o r  by o t h e r  groups. 
the re fo re ,  ass ign  l owes t  p r i o r i t y  t o  a d d i t i o n a l  the 
work o f  t h i s  type. 

The e s s e n t i a l  points being addressed above 
a r e  ( 1 )  t h a t  t h e  process o f  p r o v i d i n g  e f f e c t -  
i v e  t ime  and frequency i n f o r m a t i o n  must be 
approached i n  a systemat ic  and l o g i c a l l y  co- 
he ren t  manner, and ( 2 )  t h e  NBS programs a r e  
c a r e f u l l y  designed w i t h  t h i s  i n  mind. 

implemented by NBS and should remain a p a r t  t h r u s t s  were i d e n t i f i e d  and ( h o p e f u l l y )  

I t  

Th is  
If, 

equipment a t  WWvB 
The position location 

Automation o f  t h e  s t a t i o n s  can, p o t e n t i a l l y ,  part Of  the Measurement System 
One aspect  Of  t h i s  survey i s  expected 

Nevertheless,  we g i v e  t h i s  

A t  t h e  present  t ime, t h e r e  do n o t  appear 

we s *  not to have an 

A g r e a t  many people i n  t h e  Time and Fre- 
quency D i v i s i o n  of t h e  NBS have c o n t r i b u t e d  
i n fo rma t ion  t o  t h i s  r e p o r t .  
s i m i l a r  i n  n a t u r e  t o  t h i s  one, have been 
p a r t i c u l a r l y  he1 p f u l  . 

5 .  SUMMARY AND CONCLUSIONS Several  people have c o n t r i b u t e d  d i r e c t l y  
t o  t h i s  s tudy:  M r .  John T. Stan ley  d i d  an 
e x t e n s i v e  s tudy  o f  t h e  T&F needs o f  t h e  

should have two types of e f fec ts :  f i r s t ,  i t  a v i a t i o n  i n d u s t r y .  Mrs. Sandra L .  Howe was 
should i n d i c a t e  proper  programmatic d i r e c t i o n s ;  t h e  major  c o n t r i b u t o r  t o  t h e  s tudy of t h e  
and, second, i t  should p rov ide  conf idence NCSL standards l a b o r a t o r i e s .  M r .  Lawrence 
t h a t  these programnat ic  d i r e c t i o n s  a r e  proper  E. G a t t e r e r  made impor tan t  c o n t r i b u t i o n s  t o  
ones. This  i s  q u i t e  analogous t o  a s t a t i s t i -  understanding t h e  uses and use rs  of t ime.  
c i a n ' s  i n t e r e s t  n o t  Only i n  t h e  average Value D r .  Yard ley Geers made v a l u a b l e  e d i t o r i a l  
o f  a q u a n t i t y  b u t  a l s o  i t s  spread o r  uncer-  suggest ions.  
t a i  n t v .  

E a r l i e r  s tud ies ,  

The N a t i o n a l  Measurement System Study 

O f '  course, i t  i s  l o g i c a l l y  p o s s i b l e  t h a t  
t h e  programmatic d i r e c t i o n s  uncovered by t h e  
s tudy a r e  a l ready  t h e  d i r e c t i o n s  be ing  taken 
I n  p o i n t  o f  f a c t ,  t h i s  i s  e s s e n t i a l l y  t h e  
case f o r  much o f  what i s  concluded and t h i s  
should be considered a h e a l t h y  s t a t e  o f  
a f f a i r s .  Th is  i s  t r u e  because t h e  Na t iona l  
Measurement System Study f o r m a l i z e s  and ex- 
pands a cont inuous and l e s s  f o r m a l i z e d  e f fo r  t 
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Drs.  Raymond C. Sangster-and James R. Seed, 
as c o o r d i n a t o r s  o f  t he  e n t i r e  s tudy o f  t h e  
Na t iona l  Measurement System have increased 
t h e  scope o f  t h i s  p a r t i c u l a r  repo r t ,  
D r .  Sangster made h e l p f u l  e d i t o r i a l  sugges- 
t i o n s .  

made v a l u a b l e  c o n t r i b u t i o n s  t o  e d i t i n g .  
Mrs. Karen M e r r e l l  typed t h e  r e p o r t  and 



The o t h e r  ma jor  source o f  i n f o r m a t i o n  was 
APPENDIX A. 1 GENERAL METHODOLOGY v i a  ques t ionna i re .  Appendices A.3 and A.4 

were used i n  t h e  s t u d i e s  o f  t h e  users o f  NBS 
Broadcasts and t h e  Standards Labora to r ies  , 

t h e  Time and Frequency D i v i s i o n ,  and an e a r l i e r  r e s p e c t i v e l y .  
s tudy  performed by  t h e  D i v i s i o n  e n t i t l e d  
"Study o f  Time and Frequency Disseminat ion",  
e i g h t  areas were se lec ted  f o r  f u r t h e r  i n v e s t -  

Based on t h e  exper ience of personnel  i n  

i g a t i o n .  The e i g h t  areas examined were: 

- Standards Laboratories 
- Users o f  NBS Radio Broadcasts 
- TeleDhone I n d u s t r y  and Spec ia l i zed  

A t h i r d  ma jo r  use o f  t h e  ques t i onna i re  
method was f o r  technology f o r e c a s t i n g .  
Appendix A .  2 reproduces t h e  ques t i onna i re  
and o t h e r  i n fo rma t ion  s e n t  t o  t h e  p a r t i c i -  
pants. 
n a i r e  and i t s  r e s u l t s  a r e  summarized i n  
s e c t i o n  3.2. 

The va r ious  aspects o f  t h i s  ques t ion-  

C a r r i e r s  
- M i l i t a r y  
- P o s i t i o n  
- A v i a t i o n  
- E l e c t r i c  
- Sh ipp ing  

Loca t ion  
I n d u s t r y  
Power I n d u s t r y  
and Boat ing  I n d u s t r i e s  

I n  t h e  p resen t  work, t h e  l i t e r a t u r e  a v a i l -  
a b l e  depended upon t h e  p a r t i c u l a r  area under 
s tudy .  For  t h e  Common C a r r i e r  work, t h e  
fou r  volume r e p o r t  e n t i t l e d  "World Te le -  
communications" by A r t h u r  D.  L i t t l e ,  I nc .  was 
e x c e p t i o n a l l y  u s e f u l .  The t r a d e  magazine 
"Telephony", and t h e  B e l l  System pub1 i c a t i o n ,  
"Bel 1 Labora to r ies  Record", were a l s o  q u i t e  
h e l p f u l .  Each o f  these sources was a l s o  o f  
some h e l p  i n  t h e  s tudy  o f  t h e  M i l i t a r y ,  p r i -  
m a r i l y  because m i l i t a r y  communications leans  
so h e a v i l y  upon t h e  telephone i n d u s t r y .  

I n  t h e  Sh ipp ing  and Boa t ing  and t h e  E lec-  
t r i c  Power I n d u s t r y  i n v e s t i g a t i o n s ,  t h e r e  
were two books t h a t  Drovided imDor tan t  i n -  
fo rmat ion :  The American P r a c t i k a l  Nav iga tor  
by  Nathan ie l  Bowditch, and Power System 
Opera t ion  by  Robert  H. M i l l e r .  

I n  each o f  t h e  above f o u r  areas, a d d i t i o n a l  
i n f o r m a t i o n  was ob ta ined  by  personal  con tac t .  
Most of these con tac ts  were by te lephone. I n  
these areas, o f  t h e  o r d e r  o f  100 people were 
contac ted  - some of them severa l  t imes. 

I n  t h e  o t h e r  areas, o t h e r  than  t h e  Stand- 
a rds  Labora to r ies  , telephone and face - to -  
f a c e  c o n t a c t  was t h e  pr imary  means o f  i n fo rm-  
a t i o n  ga the r ing .  I n i t i a l  con tac ts  were 
i d e n t i f i e d  by  D i v i s i o n  personnel ,  w i t h  these 
sources 1 eadi  ng t o  addi  t i o n a l  people. Approx- 
i m a t e l y  another 100 people were contac ted  

APPENDIX A.2 

Th is  appendix con ta ins  a copy o f  t h e  
ques t i onna i re  and exp lana to ry  m a t e r i a l  
which was s e n t  t o  each o f  107 p o t e n t i a l  
p a r t i c i p a n t s ,  f i g u r e  5 rep resen ts  t h e  
responses t o  t h e  f i r s t  s e t  o f  ques t ions .  
I d e a l l y ,  these 107 peop le  represented  t h e  
e n t i r e  s e t  of a l l  those peop le  who a r e  
knowledgeable about  t h e  ma t te rs  discussed. 
I f  t h i s  were t rue ,  and i f ,  a l l  those 107 
people had responded, then t h e r e  would be 
no ques t i on  about t h e  s t a t i s t i c a l  v a l i d i t y  
of f i g u r e  5. A l though a s t r o n g  a t tempt  
was made t o  p o l l  t h e  e n t i r e  q u a l i f i e d  - and 
none o f  t h e  u n q u a l i f i e d  - p o p u l a t i o n  I 
have no acceptab le  measure o f  t h e  degree t o  
which I succeeded. Moreover, o n l y  about 
50 people o f  those p o l l e d  responded, and 
even then, o n l y  about  h a l f  o f  t h e  respondees 
responded t o  any g i ven  ques t i on .  Thus, 
even f o r  t h e  most d e f i n i t i v e  i tems (such 
as t h e  p e r i o d  1985 i n  i t e m  7 )  a se r ious  
ques t i on  o f  s t a t i s t i c a l  v a l i d i t y  can be 
r a i s e d .  

Desp i te  t h i s  drawback I b e l i e v e  i t  i s  a 
mis take  t o  i gno re  t h i s  da ta .  I n  t h e  t e x t  
I e x p l i c i t l y  d i scuss  o n l y  i tems 1, 5, and 
7 - those i tems which ( f o r  t h e  p e r i o d  1985) 
g i v e  t h e  most d e f i n i t i v e  r e s u l t s .  I n  these 
d iscuss ions  I g i v e  o t h e r  i n fo rma t ion ,  a l l  o f  
which i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  
f i g u r e  5. Wi th  these q u a l i f i c a t i o n s  then, 
n o t h i n g  more can be u s e f u l l y  s a i d  and each 
reader  w i l l  reach h i s  own conc lus ions  about 
t h e  i n t e r w e t a t i o n  o f  f i a u r e  5. here.  u 
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E lNS7lTUTE OF 
ELECTRICAL A N 0  
ELECTRONICS 
E N  G I C E E R S, I N C. 

TECHNOLOGY FORECAST & ASSESSMENT PROJECT 
2029 K STREET N.W., WASHINGTON, D.C. 20006 Si i lTE 603 (202) 293-21201’785-5137 

SapteiiiLer Y , 1974 

bear S i r :  

The Tecrinology Forecast and Assessment Conunittee of  the  IEEE Communications 
Society i s  engaged in attempting t o  develop forecas ts  of fu tu re  comnunica- 
t ion  needs. 
technology forecast ing and assessment under tne  overal l  d i rec t ion  of t he  
IEEE Technology Forecast and Assessnient Project .  The dational Bureau of 
Standards i s  engaged i n  a s imi la r  venture through i t s  systematic study 
of  the  National iieasurement System. 
therefore ,  agreed t o  pa r t i c ipa t e  w i t h  the NLS i n  the Time and Frequency 
(T&F) portion of t h i s  study. 

Me would l i k e  t o  encourage your par t ic ipa t ion  in  a Delphi study o f  the  
fu tu re  needs f o r  time and frequency technology. Delphi i s  a technology 
forecast ing technique based on the  pol l ing o f  a panel of experts and i s  
explained i n  more de t a i l  i n  the Foreword which accompanies the questionnaire.  
The ItEE Communications Socie ty’s  i F & A  Subcommittee i s  par t ic ipa t ing  in  
this study because of i t s  general re la t ionship  t o  technology forecast ing 
and because o f  i t s  very d i r e c t  bearing upon comnunications. 

If you decide t o  pa r t i c ipa t e  i n  this s tudy,  please return the  completed 
questionnaire t o  Or. Allan S .  Risley in  the preaddressed, prepaid 
envelope. Further d e t a i l s  a r e  given in  the Foreword. 

Thank you very much f o r  your cooperation. 

In f a c t ,  many IEEE Groups and Societ ies  are engaged i n  

The IEEE Communications Society has,  

Very t r u l y  yours,  

Williani llorsch 
Hanager, i F & A  Project 

WM/ar 

Enclosures 
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September 9 ,  1974 

Dear 

This is an invitation to participate in a study that attempts 
to forecast the future of Time and Frequency Technology. 
agree to participate, it will require answering a questionnaire 
now and again in about two months. On the second occasion, you 
will be supplied with a summary of the results of the first 
polling. In light of this summary, you might (or might not) 
choose to modify some of your original answers. This general 
procedure has become known as the Delphi technique of technology 
forecasting. 

WHY SHOULD YOU WANT TO PARTICIPATE? Answering the question- 
naire will take a fair amount of effort, but these questions bear 
on a technology that will importantly influence your career. A 
good response from all participants will give you a chance to 
observe the opinions of a wide spectrum of your colleagues. 

The Time and Frequency (T&F) Division of the National Bureau 
of Standards (NBS) is one of many divisions engaged in technology 
forecasting and assessment. The major goal of our study is to 
develop a socioeconomic basis for determining the research, 
development, and services in T&F that the NBS should perform, 

of society experiencing such a wide variety of pressures that no 
one person or small group can do this forecasting. By doing this 
study, we hope to sum up the effects of those many sectors and 
all those many forces that ultimately result in a changed T&F 
technology. 

There are three questions. The first asks about the 
probability of use of eight different T&F Resources. Any 
one of these Resources is a technological possibility; that 
is, it may be feasible to build and therefore, it could be a 
potential resource to society. The eight Resources fall into two 
groups: The first four refer to individual oscillators. The 
second four refer to disseminated quantities. These "Resources" 

If you 

A Delphi study is needed because there are so many sectors 

are good approximations of what is likely to be the desired T&F 
technology ot the future. 

The first question uses the phrase "will be in significant 
use." This is defined on the page entitled "DEFINITIONS AND 
RESOURCES." In the list of Resources, the terms "frequency 
repeatability" and "frequency equalization" are used. These, 
also, are defined. 

Notice that I stress use. It is one thing to prove technical 
feasibility for a change in technology and quite another to secure 
its implementation such that it becomes a part of the working 
economy. The first question is based on the assum tion that 
each of the Resources will be feasible (in & + senses-- 
quality, cost, and field utility) sometime between now and the 
year 2000. Your task is to decide the likelihood that a given 
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Resource will be "in significant use'' on any of the given dates. 
Of course, you may decide that a given Resource will not be 
avialable (that it is not feasible) on any of the given dates, 
in which case you should mark "Virtually Impossible" for that 
Resource on that date. All prices are based on 1974 dollars. 

We have gone to some pains to try to pick qualified parti- 
cipants. In a real sense, there is no one qualified to predict 
the future. On the other hand, you may have some measurable 
effect in creating that future with regard to your own sector. 
I therefore ask you to be prudent but imaginative; cautious 
but not timid. If you truly feel inadequate to answer a given 
question, then the "Not Qualified" blank should be checked. 

The second question asks about the pressures that each 
of the seven sectors (see question 2 for the sectors) will 
exert to try to insure that a given Resource is available by 
1980. The pressures could take many forms. For example, the 
Navigation Industry might encourage the Oscillator Manufacturers 
to engage in a research and development project with regard to 
one or more of the Resources. You should attempt to answer this 
question for your sector only. If, of course, you feel competent 
to answer for one or more of the other sectors, please do. 

which have had great importance to one or more of the seven 
sectors. This question attempts to determine what the future 
importance of these technologies will be in each of the sectors. 
Answer for other sectors only if you feel qualified. 

The data will be given in such a way that tendencies toward con- 
sensus or diversity will be apparent. I have about 15 participants 
for each of the seven sectors. Although they will be identified 
by sector, they will not be identifiable as individuals. I feel 
that sector identification is important in order to detect a 
possible difference of views between sectors. 

If you decide to participate, please return the completed 
questionnaire in the preaddressed, prepaid envelope. If you 
can complete the questionnaire within two weeks, it will be 
greatly appreciated. If you decide not to participate, please 
check the box for that purpose on theront of the questionnaire 
and immediately return the questionnaire via the prepaid envelope 

The third and final question deals with those technologies 

The responses will be processed both as a whole and by sectors. 

I thank you in advance for your cooperation. 

Sincerely yours, 

Allan S. Risley, Physicist 
Time & Frequency Division 
National Bureau of Standards 

Enclosure 
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QUESTIONNAIRE ON TIME AND FREQUENCY TECHNOLOGY: 
FORWARD 

If, after having read this Forward and having examined the 
questions, you decide not to participate, please check this 
box and return this material via the prepaid envelope. 

[ ] Thank you for the opportunity to 
participate in this study, but I 
have decided not to accept. 

If you know someone else qualified to participate, check the 
box below and return only this page to us in the prepaid 
envelope. 

[ I I cannot participate in this study. 
However, I have forwarded the 
questionnaire to 

who is highly qualified to answer 
these questions. 
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1. "....will be in significant use.": 

This means that the Resource has been applied to such an extent that it has 
become an important part of normal operations. It would be disruptive t@ 
do without it. 

2. "Frequency repeatability.. . ." : 
In discussing frequency repeatability, I refer to any two devices of the same 
model from the same manufacturer that may be initially calibrated against a 
reference or each other. Under these conditions, and for frequency measurement 
averaging time of 1 second or more for Resource #1; lo3 seconds or more for 
Resource X2; and 1 day or more for Resource # 3 ;  the frequency difference between 
the two devices shall not exceed the values stated for at least one year of 
service. This is a "one sigma" statement. 

3. "Frequency equalization.. . . " : 
Refers to the ability to set the frequency of an oscillator located at a field 
site equal to the disseminated frequency to within the specified tolerance. This 
is also a "one sigma" specification and applies to the specified averaging time. 

4. "Time synchronization.. . ." : 
The ability to make a s ecific ulse of a local time scale occur simultaneously 
with a s ecific ulse isseminated time scale. That is, to cause the 
local s h b k  time" with respect to the disseminated scale. 
be understood in this definition that propagation delays are accurately compensated. 

It is to 

5. "Field utility.. . . ' I :  

Refers to the sensitivity of the device to such things as temperature change, 
vibration and shock. 

, 

BESOURCES (ALL PRICES ARE,  BASED ON 19211 DOLLARS, 1 

1. Frequency repeatability of 1 x 10-l' with improved field utility for $1K per unit. 

2 .  Frequency repeatability of 1 x with improved field utility for $5K per unit. 

3. Frequency repeatability of 1 x with limited field utility for $15K per unit. 

4. Frequency drift per day of 1 x lo-' with high field utility for $100 per unit. 

5. Frequency equalization to 1 x for 15 minutes of averaging, for $200 per station. 

6. Frequency equalization to 3 x for 10 days of averaging, for $10K per Station. 

7. Time synchronization to 2 microseconds (one sigma) for one minute of signal recovery 
time, for $200 per station, anywhere in the U. S. 

8. Time synchronization to 30 nanoseconds (one sigma), for 10 minutes of signal recovery 
time, for $1OK per station, anywhere in the U. S. 
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1. GIVE THE PROBABILITY FOR THE YEARS 1980, 1985, AND 2000, THAT EACH OF THE FOLLOWING TkF RESOURCES WILL 
BE fi SIGNIFICANT USE. ALL PRICES ARE BASED ON 1974 DOLLARS. 

RESOURCE 

1. Frequency repeatability of 1980 

1985 

2000 

1 x 10-l' (one sigma) with 
improved field utility for 
$1K per unit. 

2 .  Frequency repeatability of 1980 

1985 

2000 

1 x 10-l' (one sigma) with 
improved field utility for 
for $5K per unit. 

3 .  Frequency repeatability of 1980 

1985 

2000 

1 x (one sigma) with 
limited field utility for 
$15K per unit. 

4 .  Frequency drift per day of 1980 

1985 

2000 

not more than 1 x with 
high field utility for $100 
per unit. 

5. Frequency equalization to 1980 

1985 

2000 

1 x 10-ll(one sigma), for 15 
minutes of averaging time, 
for $200 per station. 

6. Frequency equalization to 1980 

1985 

2000 

1 x 1 0 - l ~  (one sigma), for 
10 days of averaging, for 
$10 K per station. 

7. Time synchronization to 2 1980 
microseconds (one sigma), 
for one minute of signal 1985 
recovery time, for $200 per 
station, anywhere in the U.S. 2000 

8. Time synchronization to 30 1980 
ns (one sigma), for 10 min- 
utes of signal recovery time, 1985 
for $10K per station, anywhere 
in the U. S .  zoo0 

Relatively Virtually Not 
fied Impossible Unlikely Likely Certain 
2uali- Virtually Relatively 

I1 
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APPENDIX A.3 

January 8 ,  1975 

Dear Participant: 

U.8. DEPARTMENT OF COMMERCE 
National lunau of Stmdardo 
0ouId.r. Colorado 

In response to government-wide efforts t o  reduce operating costs and con- 
serve energy, we are considering various alternatives for operating radio 
stations WWV and WWVH. Interested listeners to these stations are being 
asked to provide information, via the enclosed questionnaire, which will 
help us set priorities and guide our decision-making processes with 
respect to these services. Examples of possible changes include the eli- 
mination of some broadcast frequencies from WWV and/or WWVH or reductions 
in transmitted power on some frequenciea. 

As a result of greatly increased energy costs at our Hawaiian radio 
station, WWVH, we have already solicited comments from users regarding a 
proposed 50 percent reduction of power at 5, 10, and 15 MHz from WWVH 
only. We have received so many objections to this proposal that we have 
decided to explore other possible means of cost and energy reductions. It 
is hoped that the responses to this questionnaire will allow us to provide 
the services needed most within our financial constraints and at an effi- 
cient level of energy use. Thus, it is very desirable that you provide us 
with thoughtful responses to the enclosed questions. 
questionnaire in thirds with the return address on the outside and staple 
or tape it closed and mail. No postage is necessary if mailed within the 
U. S. However, a postage stamp is necessary if a reproduced copy of this 
questionnaire is mailed. 

Your help is greatly appreciated. 

Sincerely, 

Please fold the 

ames A. Barnes, Chief 
ime and Frequency Division 

Enclosure 
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APPENDIX A.4 

USCOMM-NBS-DC 

1. 

2 .  

3 .  

4 .  

5. 

6. 

7. 

8. 

9 .  

10. 

11. 

12. 

13. 

14. 

D% you provide frequency calibrations for your own organization? 

Do you provide frequency calibrations for groups outside your organization? 

Do you provide time interval  calibrations for your own organization? 

Do you provide time interval  calibrations f o r  groups outside your 
organization? 

Approximately how many time and/or frequency calibrations do you provide 
in-house customers over a years period? 

Approximately how many time and/or frequency calibrations do you provide 
"outside" customers? 

What are your customers' uses and projected area of needs for frequency 
and time calibrations? 

(1) communications and related equipment? 
(2) navigation? 
(3) power line control and regulation? 
( 4 )  geophysical time and frequency needs? 
(5)  precision test equipment for other application? 
(6) other 

-- Can you give details? 

What is a good estimate of your yearly operational cost of the 
frequency and/or time portion of your service? 

(1) $100 - $1000 
(2) $1000 - $10,000 
(3)  over $10,000 
( 4 )  over $50,000 

What is a good estimate of the capital investment in your frequency 
and time calibration equipment? 

What frequency and time standards do you maintain in your lab? 

Do you use NBS frequency and time services? (Booklets [SP-236 Time Scale] 
relative to these services are enclosed.) 

Of the frequency calibrations you perform, in which accuracy class 
do most fall? 

(1) more accurate than a part per million 
(2) less accurate than a part per million 
(3) other (specify) 

Do you foresee time and frequency calibration services increasing in 
your organization? 

Can you discuss future applications f o r  time and frequency calibrations 
in your organization? 

61 



c11 

c21 

I: 31  

[4 J 

L a  

E121 

E151 

References 

Jespersen, J .  and Fi tz-Randolph, J., NBS Time and Frequency Handbook. T i t l e  and 

p u b l i c a t i o n  d e t a i l s  n o t  y e t  a v a i l a b l e .  

He l lw ig ,  H. W . ,  Atomic f requency standards:  a survey, Proc. IEEE, Vo l .  63, No. 2, 

212-229 (February 1975). 

Kamas, G., e d i t o r ,  NBS Time and Frequency Handbook. T i t l e  and p u b l i c a t i o n  d e t a i l s  

n o t  y e t  a v a i l a b l e .  

B l a i r ,  B. E., e d i t o r ,  Time and frequency: t heo ry  and fundamentals, Nat. Bur. Stand. 

(U.S.)  Monogr. 140 (June 1974). 

i b i d . ,  Chapter 5 

i b i d ,  Chapter 8 

Barnes, J .  A., e t .  a l . ,  C h a r a c t e r i z a t i o n  o f  f requency s t a b i l i t y ,  IEEE Trans. on 

I n s t .  and Meas., 16-20, No. 2, 105-120 (May 1974). 

B l a i r ,  6. E.,' e d i t o r ,  Time and frequency: t heo ry  and fundamentals, Nat. Bur. Stand. 

(U.S.) Monogr. 140, Chapter 10 (June 1974). 

i b i d ,  Chapter 6 

i b i d ,  Chapter 11 

Howe, S. L., and R i s l e y ,  A. S., Ihe NBS s tudy o f  t he  t ime  and frequency needs o f  U.S. 

standards l a b o r a t o r i e s ,  NCSL Newslet ter ,  Vo l .  15, No. 1 ( A p r i l  1975).  

R i s l e y ,  A. S . ,  The t ime and frequency needs o f  t he  U. S .  te lephone i n d u s t r y :  A 

p o r t i o n  o f  t he  s tudy o f  t h e  Na t iona l  Measurement System, An I n t e r n a l  NBS r e p o r t  

dated May, 1974. 

He l lw ig ,  H. W., A rev iew o f  p r e c i s i o n  o s c i l l a t o r s ,  NBS Tech. Note 662 (January 1975). 

R i s l e y ,  A. S., A study o f  the s h i p p i n g  and b o a t i n g  i n d u s t r i e s  as a p a r t  o f  t he  

s tudy  o f  t h e  N a t i o n a l  Measurement System, An I n t e r n a l  NBS r e p o r t  dated J u l y  26, 1973. 

B l a i r ,  B. E. e d i t o r ,  Time and frequency: t heo ry  and fundamentals, Nat.  Bur. Stand. 

(U.S.) Monogr. 140, Chapter 7 (June 1974). 

Evenson, K. M .  , Wells, J. S. , Petersen, F. R . ,  Danielson; 6. L., and H a l l  , J. L., 

Speed o f  l i g h t  f rom d i r e c t  f requency and wavelength measurments o f  t he  methane-stabi-  

l i z e d  l a s e r ,  Phys. Rev. L e t t e r s ,  Vol .  29, No. 19 ( 6  November 1972). 

Jennings, D. A., Petersen, F.  K.,  and Evenson, K. M., Extens ion o f  abso lu te  f requency 

measurements t o  148 THz; f requencies o f  t he  2.0 and 3.5 pm Xe l a s e r ,  t o  be pub l i shed .  

62 



1231 

L24J 

L31 J 

1321 

L 341 

Field, B. F., Finnegan, T. F., and Toots, J . ,  V o l t  maintenance at NBS via 2 e/h: A 

new definition of the NBS volt, Metrologia 9, 155-166 (1973). 

Kamper, K.  A, and Zimmerman, J. E., Noise thermometry with the Josephson effect, 

J. Appl. Phys. 42, No. 1, 132-136 (January 1971). 

Delattes, R. D . ,  et. al., Determination of the Avogadro Constant, Phys. Rev. Lett. 

Vol. 33, 463.(1974). 

Thomas, J .  B., and Fliegel, H. F., lime and frequency requirements for radio inter- 

ferometric earth physics, Proc. 5th PTTI Conference, 15-31, Washington, D.C. (1973). 

Hafele, J. C., Keating, R. E., Around-the-world atomic clocks: predicted relativ- 

istic time gains, Science 177, 166-167 (July 14, 1972). 

Pound, R. V., and Rebka, G. A., Jr., Apparent weight of photons, Phys. Rev. Lett., 4, 

337-341 (April 2, 1960). 

Kleppner, D., Vessot, R .  F. C., Ramsey, N. F., An orbiting clock experiment to 

determine the gravitational red shift, Astrophys. and Space Sci. 6, 13-32 (1970). 

U. S .  Industrial Outlook 1973, a U. S .  Department of Commerce Publication. 

World Telecommunications, Vo l .  3, 75 (copyright by Arthur D. Little, Inc. 1971). 

Stanley, John T., Time and frequency applications in the aviation industry, to be 

published as an NBS internal report. 

Statistical Abstract of the United States, 1972. 

A personal communication with an official of the U. S .  Maritime Administration. 

Poulson, B. W . ,  and Kranick, R., Some aspects of the economics of the U. S. 

communications industry, an internal NBS report. 

Risley, A. S . ,  A historical view of the relationship between technology and other 

features of society, to be published as an NBS Technical Note. 

Risley, A. S . ,  Ihe creation of a Delphi study for forecasting time and frequency 

technology, Proc. of the 1974 National Telecommunications Conf. San Uiego, Calif. 

(December 2-4, 1974). 

Perkinson, R.  E., and Watson, F. D., Airborne collision avoidance and other ap- 

plications o f  time/frequency, Proc. I E E E ,  572-579 (May 1972). 

American Telephone and Telegraph Company Digital Data System. Compatibility and 

interface specification at the inter-digital serving area DS-1 level, (July 1973). 

63 



1351 Snyder, W. F., Achievement in radio: seventy years of radio science and measurement 

at the National Bureau of Standards, to be published as an NBS Special Publication 

in 1977. 

L36J Blair, B. E . ,  editor, Time and frequency: theory and fundamentals, Nat. Bur. Stand. 

(U.S.) Monogr. 143, Chapters 4 and 5 (June 1974). 

[37] ibid, Chapter 3. 

[3S] Davis, D. D., Calibrating crystal oscillators with tv color-reference signals, 

Electronics, 107-112 (March 20, 1975). 

1391 Risley, A. S . ,  Shoaf, J. H., and Ashley, J. K . ,  Frequency stabilization of x-band 

sources for use in frequency synthesis into the infrared, IEEE trans. on I & M, 

Vol. IM-23, No. 3 (September 1974). 

[40] McDonald, D. G., et al., Four-hundredth-order harmonic mixing of microwave and 

infrared laser radiation using a Josephson junction and a maser", Appl.' Phys. Lett. 

Vol. 20, 296-299 (April 1972). 

L41J Walls, F.  L., and DeMarchi, A., RF Spectrum of a signal after frequency multiplica- 

tion; measurement and comparison with a simple calculation, Submitted to IEEE 

Trans. on Instr. and Meas. 

[42] Barnes, J. A., and Beehler, R. E., Report on the 1975 survey of the services of 
radio station WWV and WWVH, NBS Technical Note 674 (October 1975). 

[43] Allan, David W., "The Measurement of Frequency and Frequency Stabi 

Oscillators," ;JBS Technical Note P669 (May 1975). 

[44] Howe, David A . ,  "Frequency Domain Stability Measurements, a tutor 

NBS Technical Note $679. 

i ty of Precision 

a 1 i n t roduc t i on , 'I 

[45] Tilton, Edward P . ,  "The DXer's Crystal Ball," QST, June 1975, Vol LIX No. 6, 

August 1975, Vol. LIX No. 8, and September 1975, Vol. LIX No. 9. 

64 



NBS TECHNICAL PUBLICATIONS 

PERIODICALS 
JOURNAL OF RESEARm reports National Bureau 

of Standards research and development in physics, 
mathematics, and chemistry. It is published in two sec- 
tions, available separately: 

0 Physics and Chemirtry (Section A) 
Papers of interest primarily to scientists working in 
these fields. This section covers a broad range of physi- 
cal and chemical research, with major emphasie on 
standards of physical measurement, fundamental con- 
stants, and properties of matter. Issued six times a 
year. Annual subscription: Domestic, $17.00; Foreign, 
$21.26. 

0 Mathematical Sciences (Section B) 
Studies and compilations designed mainly for the math- 
ematician and theoretical physicist. Topics in mathe- 
matical statistics, theory of experiment design, numeri- 
cal analysis, theoretical physic8 and chemistry, logical 
design and programming of computers and computer 
systems. Short numerical tables. Issued quarterly. An- 
nual subscription: Domestic, $9.00; Foreign, $11.25. 

DIMENSIONS/NBS (formerly Technical News Bul- 
letin)-This monthly magazine is published to inform 
scientists, engineers, businessmen, industry, teachers, 
students, and consumers of the latest advances in 
science and technology, with primary emphanis on the 
work at NBS. The magazine highlights and reviews such 
issues as energy research, fire protection, building tech- 
nology, metric conversion, pollution abatement, health 
and safety, and consumer product performance. In addi- 
tion, it  reports the results of Bureau programs in 
measurement standards and techniques, properties of 
matter and materials, engineering standards and serv- 
ices, instrumentation, and automatic data processing. 

Annual subscription: Domestic, $9.45; Foreign, $11.85. 

NONPLRIODICALS 

Monographs-Major contributions to  the technical liter- 
ature on various subjects related to the Bureau’s scien- 
tific and technical activities. 

Handbooks-Recommended codes of engineering and 
industrial practice (including safety codes) developed 
in cooperation with interested industries, professional 
organizations, and regulatory bodien. 

Special Publications-Include proceedings of confer- 
ences sponsored by NBS, NBS annual reports, and other 
special publications appropriate to this grouping such 
as wall charts, pocket cards, and bibliographies. 

Applied Mathematics Series-Mathematical tables, 
manuals, and studies of special interest to  physicists, 
engineers, chemists, biologists, mathematicians, com- 
puter programmers, and otherr engaged in scientific 
and technical work. 

Nation81 Standard Reference Data Series-Provides 
quantitative data on the physical and chemical proper- 
ties of materials, compiled from the world’s literature 
and critically evaluated. Developed under a world-wide 

program coordinated by NBS. Program under authority 
of National Standard Data Act (Public Law 90-396). 

NOTE: At present the principal publication outlet fo r  
these data is the Journal of Physical and Chemical 
Reference Data (JPCRD) published quarterly for  NBS 
by the American Chemical Society (ACS) and the Amer- 
ican Institute of Physics (AIP).  Subscriptions, reprints, 
and supplements available from ACS, 1155 Sixteenth 
St. N. W., Wash. D. C. 20066. 

Building Science Ser ieeDisseminates  technical infor- 
mation developed a t  the Bureau on building materials, 
components, systems, and whole structures. The series 
presents research results, test  methods, and perform- 
ance criteria related to the structural and environmen- 
tal functions and the durability and safety character- 
istics of building elements and systems. 

Technical Notes-Studies or reports which a re  complete 
in themselves but restrictive in their treatment of a 
subject. Analogous to monographs but not so compre- 
hensive in scope or definitive in treatment of the sub- 
ject area. Often serve as a vehicle for final reports of 
work performed at NBS under the sponsorship of other’ 
government agencies. 

Voluntary Product Standards-Developed under pro- 
cedures published by the Department of Commerce in 
Part 10, Title 16, of the Code of Federal Regulations. 
The purpose of the standards is to  establish nationally 
recognized requirements for  products, and to provide 
all concerned interests with a basis for  common under- 
standing of the characteristics of the products. NBS 
administers this program as  a supplement to the activi- 
ties of the private sector standardizing organizations. 

Federal Information Processing Standards Publications 
(FIPS PUBS)-Publications in this series collectively 
constitute the Federal Information Processing Stand- 
ards Register. Register serves as the official source of 
information in the Federal Government regarding stand- 
ards issued by NBS pursuant to the Federal Property 
and Administrative Services Act of 1949 as amended, 
Public Law 89-306 (79 Stat. 1127), and as implemented 
by Executive Order 11717 (38 FR 12315, dated May 11, 
1973) and Pa r t  6 of Title 15 CFR (Code of Federal 
Regulations). 
Consumer Information Series-Practical information, 
based on NBS research and experience, covering areas 
of interest to the consumer. Easily understandable 
language and illustrations provide useful background 
knowledge for  shopping in today’s technological 
marketplace. 
NBS Interagency Reports (NBS1R)-A special series of 
interim or final reports on work performed by NBS for  
outside sponsors (both government and non-govern- 
ment ). In general, initial distribution is handled by the  
sponsor; public distribution is by the National Technical 
Information Service (Springfield, Va. 22161) in paper 
copy or microfiche form. 

Order NBS publications (except NBSIR’s and Biblio- 
graphic Subscription Services) from: Superintendent of 
Documents, Government Printing Office, Washington, 
D.C. 20402. 

BIBLIOGRAPHIC SUBSCRIPTION SERVICES 
The following current-awarcneas and literature-survey survey  issued quar te r ly .  Annual  subscription : $20.00. 
bibliographies a re  issued periodically by the Bureau: Send subscription orders  and  remi t tances  fo r  t h e  
Crvonenic Data Center Current Aware” Service precedincr biblioaraDhic services t o  National Bu- _ -  

reau of S tandards ,  dryogenic D a t a  Center  (275.02) 

Electromagnetic Metrology Current Awareness Service 
Issued monthly. Annual subscription: $24.00. Send 
subscription order and remittance to Electromagnetics 
Division, National Bureau of Standards, Boulder, 

A literature survey issued biweekly. Annual sub- Boulder, Colorado 80302. 
scription: Domestic, $20.00; foreign, $25.00. 

Natural Gas. A literature survey issued quar- 
terly. Annual subscription: $20.00. 

Superconducting Devices and Materials. A literature Colo. 80302. 




